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ABSTRACT 


With  the  information  from  ESCA  studies  reported  on  native  oxide 
MOS  structures,  efforts  were  undertaken  to  avoid  the  production  of 
non-oxidized  As  atoms  in  the  insulator,  particularly  near  the 
interface.  Therefore  a  two-step  process  of  anodic  oxidation  was 
developed  involving  electrolytic  oxidation  of  A1  on  a  Ga-rich 
surface  on  GaAs.  An  attempt  was  made  to  formulate  a  simple 
electrical  model  of  GaAs  MOS  diodes  which  fits  reasonably  well  with 
experimental  C-V  and  G-V  characteristics  (C-capacitance,  G-con- 
ductance,  V-voltage) . 

Results  on  d.c.  emission  of  white  light  from  thin  GaAs  MOS 
structures  is  reported.  The  spectral  distribution  of  this  emission 
seems  to  indicate  that  either  a  substantial  contribution  is 
obtained  by  the  recombination  of  electrons  and  holes  in  the  amorphous 
oxide  (whose  energy  gap  is  larger  than  that  of  GaAs)  or  by  direct 
recombination  of  hot  charge  carriers  in  the  space  charge  layer. 

Quarternary  compound  semiconductors  are  oxidized  and  analyzed. 
Efforts  of  anodic  deposition  of  nitrides  have  not  yet  given  any 
useful  results.  The  deposition  of  Si02  by  using  emulsions  is 
pursued  and  first  results  on  the  possibility  of  GaAs  doping  are 
presented . 
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CHAPTER  I 


INTRODUCTION 

The  period  covered  by  this  final  report  was  again  full  of  im¬ 
portant  developments.  A  great  deal  of  effort  of  course  had  to  be 
spent  first  in  order  to  make  the  experimental  facilities  here  in 
Darmstadt  as  good  as  those  which  the  principal  investigator  was 
using  with  his  colaborators  previously  in  Newcastle  upon  Tyne, 
England.  He  is  pleased  to  say  that  this  first  goal  was  achieved 
relatively  quickly,  particularly  with  the  help  of  his  new 
colleagues.  Prof.  A.  Kessler,  Dr.  Mayer  and  his  German  secretary, 
Mrs.  Ttimmler.  Equally  important  also  was  the  contribution  made  by 
those  of  his  coworkers  who  came  with  him  from  England,  namely 
Dr.  D.  Pavlidis  and  Dr.  S.  Hannah.  Several  new  appointments  were 
made  in  Darmstadt:  K.  Rtthkel,  W.  Schmolla  and  E.  Huber.  The 
provision  of  a  research  grant  by  the  German  Science  foundation 
(Deutsche  Forschungsgemeinschaf t ,  together  with  the  funds  available 
from  ERO,  enabled  us  to  invite  Dr.  Adachi  from  Tohoku  University 
Sendai,  Japan,  to  work  for  a  year  with  this  group  on  surface 
passivation  for  compound  semiconductors. 

With  the  realisation  that  many  of  the  interface  problems 
resulted  from  both  non-oxidized  arsenic  atoms  in  the  insulator  near 
the  interface  and  As  vacancies  in  the  semiconductor,  both  created 
due  to  the  oxidation  dynamics  of  native  oxides,  new  possibilities 
were  initiated  and  useful  new  results  obtained.  The  research  group 


was  therefore  not  only  able  to  publish  several  new  interesting 

results  in  the  scientific  literature,  but  some  of  us  where  in- 

* ,  » 

volved  with  developments  at  other  laboratories  and  with  discussion 
meetings  on  surface  passivation  of  compound  semicondutor  materials. 
Especially  important  to  mention  here  is  a  period  of  work  by 
H.L.  Hartnagel  at  the  Avionics  Laboratories  at  Wright  Patterson 
AFB,  Dayton,  Ohio,  where  he  joined  a  strong  group  on  GaAs  surface 
passivation  for  MESFET  structures.  Results  obtained  both  in  Dayton 
and  here  in  Darmstadt  were  then  presented  at  the  7th  Annual 
Conference  on  the  Physics  of  Compound  Semiconductor  Interfaces  in 
Estes  Park,  Colorado,  January  29th  to  31st  1980.  Similarly  Mr. 

K.  Rohkel  spent  some  periods  at  various  British  research 
laboratories  where  the  questions  of  surface  passivation  were  also 
systematically  discujsed.  Further  details  on  publications, 
conference  meetings,  etc.  can  be  taken  from  attached  copies  of 
some  of  the  papers  and  from  the  references  in  the  Appendix  of  this 
report. 

It  should  be  mentioned  here  particularly  that  various  joint 
projects  were  undertaken  with  the  German  Post-Office  Laboratories 
here  in  Darmstadt.  The  closeness  of  this  laboratory  with  the 
central  research  facility  of  the  German  Post-Office  is  under¬ 
standably  very  beneficial  for  work  of  this  type.  Of  course  there 
are  many  other  facilities  both  at  the  Technical  University  and  in 
the  neighbourhood  of  Darmstadt  which  were  made  use  of  in  the 
course  of  the  studies  reported  here. 
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Some  of  the  investigations  reported  here  were  undertaken  by 
student  projects,  some  of  which  have  not  yet  been  completed.  These 
efforts  are  also  described  in  the  following  Chapters,  which  are 
organized  by  the  particular  investigator  of  surface  passivation, 
whose  name  is  in  these  cases  also  given. 


CHAPTER  .  2 


Characterisation  and  Performance  of  GaAs  MQSFETS 
(D.  Pavlidis) 

Low  frequency  and  microwave  tests  were  undertaken  in  order  to 

characterise  GaAs  MOSFETs  fabricated  by  us  with  anodically  grown 

oxide  gates.  The  devices  were  made  on  n-type,  S  doped  VPE  layers 

having  a  thickness  between  0.7  and  1.5  ym,  mobilities  around 
-2  -1 

4400  cm  V  sec  and  carrier  concentrations  of  the  order  of 
17  -3 

lO  cm  .  The  epitaxal  layers  were  grown  on  Cr-doped  semi- 

7 

insulating  substrates  with  a  resistivity  larger  than  10  Qcm. 

A  glycol-tartaric  acid  based  aqueous  solution  was  used  in 
order  to  anodically  oxidise  the  gate  notch  after  the  source  and 
drain  ohmic  contacts  were  formed.  The  device  had  5  ym  to  10  ym 
long,  3 00  ym  wide  gate  strips.  The  gate  to  source  (or  drain)  length 
was  10  ym  and  the  channel  depth  underneath  the  oxide  layer  was  of 
the  order  of  1000  X. 

By  measuring  the  drain  resistance  at  the  origin  of  the 
-*•  curve,  displayed  on  a  Tektronix  curve  tracer,  it  was 
found  that  Rg  =  Rd  =  40  ft.  The  gate  parasitic  resistance  Rg  is 
a  function  of  the  gate  geometry  and  metallisation  technique 
employed  and  had  in  our  case  the  value  of  3  !!. 


The  MOSFET  transconductance  g  was  measured  from  the 

mo 

1^  -*■  V^s  characteristic  to  be  equal  to  7.2  mmho’s.  The  measurements 
demonstrated  a  reasonably  high  transconductance  per  unit  gate 
length  values  in  the  range  of  36  mmho's/mm.  Finally,  from  the 
drain  to  source  external  conductance  and  the  already  evaluated  Rg 
and  g  values,  it  was  found  that  the  intrinsic  output  conductance 
G^s  is  equal  to  2.8  mmho's. 

The  equivalent  circuit  of  Fig.  1  was  used  for  modelling  the 

tested  devices.  Some  of  its  parameters,  namely  Rg,  R^,  R^,  and 

q  were  evaluated  by  low  frequency  measurements  as  described  above. 
3mo 

Others,  however,  such  as  Cgs,  Cdg,  RgS  and  9m*^were  estimated  by 
microwave  measurements.  A  special  microwave  test  fixture  with  50  ft 
microstrip  lines  on  alumina  substrates  was  fabricated  and  the 
transistors  were  mounted  on  an  adjustable  ground  slab.  Gold 
pressure  contacts  were  used  on  the  devices,  which  were  all  tested 
in  the  common  source  configuration.  The  driving  point  parameters 
S i i ,  S22  and  the  transfer  terms  S^2,  S21  were  measured  with  an  HP 
8410  A  Network  Analyser.  A  typical  set  of  the  measured  S-parameters 
is  "iven  in  Fig.  2.  The  elements  Cgg,  C^,  RgS  were  evaluated  from 
the  S-parameter  data  and  are  given  in  Table  1  together  with  other 
characteristics  of  the  transistors. 

*) 


g^  -  frequency-dependent  transconductance  of  equivalent  circuit 
g^  -  "low  frequency"  transconductancp  of  MOSFET  amplifier 
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Geometry 

Gate  length:  1  =  5  -  10  pm 

Gate  width  :  w  =  200  -  300  pm 

Gate  to  source/drain  length:  ls  =  1^  =  10  pm 

Channel  depth  (under  gate  notch):  =  1  000  % 

n  -  epi  layer  =  0.8  -  1.0  pm 


Material  parameters 
Carrier  density: 
Mobil ity: 

Substrate: 


n  =  1.0  x  1017  cm'3 
p  =  4  400  cm2  V'V1 
Semi-insulating  (S.I),  Cr-doped 
p  >  107  ficm 


Equivalent  circuit  parameters 


Transconductance: 

%10 

*  3.5  mmho 

Output  conductance: 

Gds 

=  2.8  mmho 

Gate  resistance: 

Rgs 

=  2.0  n 

Source/Drain  resistance: 

Rs 

=Rd  -  40 

Gate  metal  resistance: 

R9 

=  3  a 

Gate  to  channel  capacitance: 

4 

=  0.15  pF 

4 

=  2.07  pF 

Table  1  Typical  parameters  of  an  n-channel  GaAs  MOSFET 
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A  maximum  available  gain  (MAG)  of  14  db  was  measured  at  2  GHz, 

the  maximum  oscillation  frequency  being  of  the  order  of  4.8  GHz. 

The  transconductance  g  was  of  the  order  of  1 1  mmho  and  remained 

m 

relatively  constant  for  operational  frequencies  as  low  as  800  Hz. 
Below  this  frequency  the  transconductance  is  seen  to  fall  rapidly 
and  is  probably  due  to  interactions  with  traps  at  the  oxide-GaAs 
interface. 


CHAPTER  3 


Plasma  Anodisation  of  GaAs 
(D.  Pavlidis) 

GaAs  was  anodically  oxidised  in  a  high  frequency  (1  MHz)  plasma 
produced  by  a  3  kW  generator.  A  schematic  diagram  of  the  system 
used  is  given  in  Fig.  3.  The  vacuum  chamber  was  made  of  fused 
quartz  to  withstand  plasma  temperatures.  The  chamber  was  first 
evacuated  to  a  pressure  of  10  ^  Torr,  and  then  filled  with  oxygen 
gas  to  a  background  pressure  of  0.2  Torr.  The  GaAs  samples  were 
dc.  biased  at  +  20  to  +  40  Volts  during  the  process.  Finally  the 
RF  generator  was  inductively  coupled  to  the  chamber  in  the  region 
of  the  cathode  electrode. 


The  oxidation  was  done  in  the  constant  voltage  mode  with  a 

series  resistor  of  100  Q  inserted  in  the  circuit.  It  was  found 

that  for  +  40  V  bias,  0.2  Torr  pressure  and  1 7  cm  electrode 

2 

separation,  the  initial  current  through  a  0.25  cm  sample  is  as 
high  as  24  mA.  This  results  in  oxide  breakdown  5  secs  after  the 
plasma  generation,  demonstrated  by  temporary  (~  2  secs)  current 
increase  through  the  sample.  Further  work  on  the  optimisation 
of  the  plasma  oxidation  process  is  now  being  performed. 


CHAPTER  4 


Experimental  Study  of  Thin-Oxide  MOS  Structures 
(H.  Adachi) 

4 . 1  Light  Emission  from  GaAs  MIS  Diodes 

It  was  reported  that  the  GaAs  MIS  diode  with  a  very  thin  anodic 
oxide  layer  emits  light  under  reverse  voltage  biasing  condition^'. 
The  diode  shows  good  I-V  characteristics  like  a  Schottky  barrier 

diode,  although  there  is  a  very  thin  layer  of  anodic  oxide. 

I  2  I 

S.  Ashok  et  al 1  1  reported  that  a  GaAs  Schottky  diode  with  very  a 

thin  anodic-plasma  oxide  layer  also  shows  good  I-V  characteristics 
almost  like  an  ideal  Schottky  diode,  and  its  ideality  factor 
(n-value)  can  still  be  as  low  as  about  1 .09  even  if  the  oxide  layer 
is  85  8  thick;  but  their  MIS  Schottky  barrier  diode  does  not  emit 
any  light.  Our  work  was  undertaken  to  look  for  the  most  suitable 
insulting  layer  for  light  emission  and  to  find  a  physical  expla¬ 
nation  for  it.  It  is  not  yet  possible  to  give  a  conclusive  state¬ 
ment  on  the  emission  mechanism  but  we  report  some  interesting 
observations  and  suggest  a  first  explanation  of  the  experimental 
results  obtained  so  far. 


4 . 2  Effect  of  the  chemical  etching  process 

MIS  Schottky  barrier  diodes  were  made  on  (100)  oriented  n-type 

GaAs  wafers.  The  supplier  information  on  the  impurity  concentration 
17  -3 

is  1.7  x  10  cm  .  One  surface  of  the  wafer  is  mirror  plane  and 
the  other  surface  is  ground.  The  wafers  are  solvent  cleaned  and 
chemically  etched  just  before  the  evaporation  of  an  Au-Ge  (12  %) 
ohmic  contact  and  the  mirror  surface  is  covered  with  photo-resist 
during  these  evaporation  processes  to  avoid  making  any  scraches. 

The  ohmic  contact  is  heat  treated  in  a  N2  gas  flow  at  350°  C  for 
5  min.  Samples  are  made  with  different  fabrication  details,  as 
summarized  in  Table  2. 

The  sample  (005)  is  carefully  made,  following  the  process 

1  3 

reported  by  B.  Bayraktaroglu  '  .  A  thin  anodic  oxide  layer  is 

made  by  using  the  AGW* solution,  and  the  resultant  sample  emits 
light.  However,  sample  (006)  also  emits  light;  it  was  made  at 
the  same  time  with  the  same  fabrication  process  as  sample  (005) , 
except  for  the  anodization  process.  Since  the  fabrication  of 
sample  (006)  does  not  include  any  anodic-oxidation,  it  can  be 
seen  that  an  anodic  oxide  film  is  not  essential  for  the  emission 
of  light,  but  that  the  normally  present  native  oxide  suffices 
whose  thickness  and  other  properties  depend  on  the  chemical  at 
atmospheric  treatment  of  the  free  GaAs  surface. 

*Acid-Glycol-Water 

3  %  aqueous  solution  of  tataric  acid  :  glycol 
ratio:  1  :  2 

\ 


1  5 


The  etching  solution  of  the  samples  (005  and  006)  is  the 
so-called  pre-evaporation  etchant  (mixture  of  4  %  H2C>2  by  volume 
and  2  %  NaOH  by  weight),  which  includes  a  base.  After  etching 
the  surface  of  a  GaAs  crystal  with  concentrated  NH^OH  (25  %) 
and  vacuum  evaporating  an  Al  electrode  without  any  anodization 
of  the  surface,  the  resulting  sample  (009)  emits  also  light.  If 
the  surface  of  the  crystal  is  etched  by  using  diluted  HCl 
(25  %  HCl  is  diluted  with  5  portions  of  water)  just  before  the 
evaporation  of  the  Al  electrodes,  the  resulting  samples  (007, 
008,  018  and  020)  do  not  emit  light.  These  observations  suggest 
that  the  etching  solution,  including  the  base  added,  makes 
important  contributions  to  the  light  emitting  phenomenon. 

It  can  be  concluded  that  etching  with  diluted  HCl  prevents 
light  emission  and  etching  with  a  solution,  including  alkali, 
improves  it. 


4 . 3  Reverse  I-V  characteristics 

The  reverse  I-V  characteristics  are  measured  at  room  temperature 
and  the  results  are  shown  in  Figure  4  for  several  typical  samples. 
All  the  non-light  emitting  diodes  have  a  lower  breakdown  voltage 
and  the  fabrication  process  of  every  non-light  emitting  diode 
includes  an  etching  process  with  diluted  HCl. 


The  temperature  dependence  of  the  reverse  I-V  characteristics 
measured  at  85°  C  is  shown*  together  with  the  results  obtained  at 
room  temperature,  in  Figure  5  for  light  emitting  diodes  and  in 
Figure  6  for  non-light  emitting  diodes.  The  temperature  coefficients 
of  the  breakdown  voltages  are  positive,  independent  of  the  break¬ 
down  voltage.  The  current  for  a  biasing  voltage  below  breakdown 
is  increasing  with  increasing  temperature  for  both  cases.  These 
facts  are  a  characteristic  feature  of  avalanche  breakdown. 

A  possible  explanation  of  the  low  breakdown  voltage  of  the 
non-light  emitting  diodes  is  based  on  some  fixed  negative  charges 
at  the  interface  between  semiconductor  and  oxide,  namely  in  the 
transition  layer.  The  band  diagram  of  the  Schottky  diode  without 
any  interfacial  charges  is  like  that  shown  in  Figure  7(a).  The 
electric  field  in  the  transition  layer  is  equal  to  that  at  the 
surface  of  the  semiconductor.  If  there  are  some  fixed  negative 
charges  at  the  interface,  the  potential  at  the  interface  is 
lifted  up,  and  the  band  diagram  is  changed  as  shown  in  Figure  7(b). 
That  is,  the  electric  field  strength  in  the  transition  layer  is 
decreased  and  the  electric  field  strength  at  the  surface  of  the 
semiconductor  is  increased.  Due  to  this  increased  field  strength, 
the  avalanche  breakdown  voltage  is  reduced.  A  low  breakdown  voltage 
is  the  common  characteristic  of  the  samples  whose  fabrication 
process  includes  the  etching  process  with  diluted  HC1  and  does  not 
include  any  anodization,  so  that  it  is  most  probable  that  the 
negative  charge  comes  from  the  acidic  etching  solution,  for  example 
from  etching  Ga  ions  by  HCl. 
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Band  diagram  of  the  MIS  Schottky  barrier  diode  without 
interfacial  charge  (a)  and  with  negative  interfacial 
charge  (b) .  The  negative  interfacial  charge  reduces  the 
breakdown  voltage  of  the  reverse  V-I  characteristic. 
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The  breakdown  arises  from  the  avalanche  effect  both  in  the 
light  emitting  and  non-emitting  diodes,  so  that  it  seems  that  the 
avalanche  effect  is  not  an  exclusive  condition  for  the  light 
emission  phenomenon.  This  is  in  contrast  to  the  case  of  the 
reverse  biased  silicon  p-n  junction  diodes,  where  the  avalanche 
effect  plays  a  primary  role  in  the  light  emission.  The  reverse 
biased  silicon  p-n  junction  also  emits  light  with  a  very  wide 
spectrum,  from  the  infrared  region  to  blue,  which  is  very  similar 
to  the  light  emitted  from  the  GaAs  MIS  Schottky  barrier  diodes 
reported  here. 

So  far  it  is  only  shown  that  the  avalanche  effect  does  not 
primarily  govern  the  light  emitting  phenomena,  but  light  emission 
is  observed  when  the  avalanche  breakdown  arises.  The  experiments 
are  being  continued  to  further  clarify  the  surface  preparation 
effects  on  the  light  emission  phenomena. 


Table  2  :  A  Summary  of  the  light  emission  effects  observed 

Definition  of  Symbols  employed: 

0  The  process  was  inclusive 
A  4  %  H202  +  2  %  NaOH 

B  HCl  (25  %)  was  diluted  with  5  portions  of  water 

C  NH3  (25  %) 

R1  The  wax  was  removed  with  acetone,  after  the  evaporation  of 
Al  electrodes 

R2  After  anodization  with  the  AGW  solution  (50  pA,  3  V) ,  the 
anodized  oxide  layer  was  etched  out  by  using  the  solution  B 

R3  The  sample  was  boiled  in  acetone.  Three  of  ten  devices  with 
Al  electrodes  emit  light. 

R4  Light  emission  was  observed  just  after  fabrication,  but  the 
sample  stopped  emitting  light  after  3  weeks. 
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CHAPTER  5 


Light  Modulation  of  GaAs-MQS  Emitters 
(E.  Huber) 

It  can  be  expected  that  the  GaAs-MOS  light  emitters  exhibit  a 
transient  behaviour  of  switching  on.  Such  transient  delays  would 
give  further  indications  of  the  physical  mechanism  involved  with 
the  emission.  It  would  however  also  show  whether  this  light 
source  can  be  employed  for  some  optical  communication  applications. 
During  the  period  of  this  grant  a  system  was  set  up  to  measure  the 
switching  characteristics  of  light  emitters. 

In  order  to  be  able  to  compare  the  performance  of  MOS  emitters 
with  commercially  available  GaAs  p-n  junction  emitters,  this 
system  was  first  employed  to  study  such  p-n  devices.  This  work  was 
undertaken  in  connection  with  a  study  project  of  several  students. 

At  first,  the  rise-  and  falltimes  of  light  emission  were  measured 
with  several  GaAs  p-n  junction  LEDs.  The  electrical  circuit  used  for 

t* 

this  measurement  is  shown  in  Fig.  8.  The  LED  is  biased  by  a 
rectangularly  shaped  voltage  from  a  function  generator.  The  emitted 
light  was  detected  by  a  PIN-Photodiode .  Both  the  current  through 
the  LED  and  the  current  through  the  photodiode  were  simultaneously 
monitored  with  a  two-channel  oscilloscope.  The  risetimes  of  the 
generator  and  the  photodiode  are  less  than  50  ns. 
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Figure  8 


Circuit  for  measurement  of  rise-  and  falltimes  of 
light  emission 
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In  Fig.  9  the  measured  risetimes  are  shown  for  4  different  LEDs 
as  a  function  of  peak  biasing  current.  The  risetimes  for  small 
current  are  determined  by  RC-time  constants  due  to  the  junction 
capacitance  and  the  current  dependent  resistance  of  the  LED.  For 
large  current,  the  risetime  becomes  independent  of  current.  In 
this  region,  the  risetime  is  determined  by  the  minority  carrier 
lifetime  in  the  LED.  For  the  LEDs  SU  22,  LD  271,  LD  242  the  rise¬ 
time  is  in  the  range  of  1  ys,  which  is  expected  for  Si-doped  GaAs 
LEDs  while  for  the  CQY  31  the  risetime  is  about  lOO  ns,  which  is 
expected  for  Zn-doped  GaAs  LEDs.  The  measured  falltimes  of  light 
emission  showed  generally  the  same  behaviour. 

For  measurements  with  much  faster  emitters  (one  then  has  to 
use  faster  diodes,  which  are  normally  of  lower  sensitivity)  and 
for  measurements  with  emitters  with  smaller  light  output,  the 
signal  to  noise  ratio  of  the  wide  band  measurement  circuit  becomes 
too  large  and  it  is  therefore  impossible  to  measure  the  risetime 
directly. 

One  can  overcome  this  problem  by  measuring  the  frequency  response 
of  the  LED  and  calculate  the  risetime  from  this  data.  The  circuit 
for  the  frequency  response  measurement  is  shown  in  Fig.  10.  The 
LED  was  modulated  by  a  sinusoidal  rf-voltage  at  an  operating  point 
adjusted  by  the  DC-voltage  source.  The  photodiode  used  in  this 
measurement  had  a  -3dB-  cutoff  frequency  of  about  500  MHz.  The 
current  through  the  photodiode  was  measured  with  a  selective 
microvoltmeter  with  a  bandwidth  of  5  kHz. 


R.F.  VOLTAGE 
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The  frequency  response  of  the  LEDs  is  shown  in  Figure  11. 
Risetimes  of  the  LEDs  were  calculated  from  the  -3dB- 
cutoff  frequencies  of  the  frequency  response  characteristic  by  the 
relation 


x 


r 


0,35 

f 


This  relation  holds  for  the  risetime  xr  and  the  -3dB-  cutoff 

I  4  I 

frequency  f  of  linear  low  pass  filters'  Table  3  gives  a 
comparison  of  measured  risetimes  and  risetimes  calculated  from 
the  frequency  response  curves  of  the  4  LEDs.  As  one  can  see, 
the  values  coincide  within  a  factor  of  two. 


Corresponding  work  on  GaAs  MOS  emitters  is  now  in  progress. 

First  results  seem  to  indicate  that  the  rise-  and  fail  times 
are  somewhat  larger,  but  results  still  have  to  be  carefully  verified 
to  ensure  that  these  speed  limitations  are  not  caused  by 


the  external  circuit. 


AMPLITUDE  (dO) 

normalized  to  low  frequency  amplitude 

Figure  11  Frequency  response  of  several  LEDs 
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Table  3 


CQY  31 

LD  242 

LD  271 

SU  22 

Risetime  (measured) 

(ps) 

0,15 

0,9 

1,2 

1,5 

cut-off  frequency 

(kHz) 

2800 

900 

300 

200 

Risetime  (ps) 

calculated  from  cut-off  0,13 
frequency 


0,4 


1,0 


2,0 
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CHAPTER  6 


Fabrication  of  Thin  Passivating  Nitride  Layers  on  GaAs 
(W.  Schmolla) 

Some  experimental  observations  seem  to  suggest  that  surface 
states  might  be  particularly  produced  by  oxygen  covering  the  GaAs. 
There  are  indications  that  GaN,  sputter  -  deposited  onto  clean 
GaAs  surfaces,  might  result  in  a  reduced  surface  state  density. 

It  is  therefore  important  to  consider  whether  oxide  -  free  insulators 
might  not  be  useful  to  passivate  GaAs  surfaces.  Therefore  the 
materials  GaN  and  AIN  are  of  interest  since  they  show  in  their 
crystaline  form  a  much  larger  band  gap  than  GaAs.  It  is  therefore 
useful  to  produce  thin  nitride  layers  in  order  to  investigate  the 
surface  behaviour  of  GaAs  thus  covered. 

Since  a  destruction  of  the  GaAs  single  crystal  occurs  at  the 
surface  for  processes  above  more  than  600°  C,  low  temperature 
processes  are  indeed  of  interest.  It  was  therefore  decided  to  fabricate 
GaN  and  AIN  on  Ga  and  Al  respectively  by  a  corresponding  process 
similar  to  anodic  oxidation.  For  this  purpose,  liquid  ammonia  at 
normal  pressure  and  at  temperatures  between  -  33°  C  and  -  77°  C 
were  employed.  Ammonia  is  a  polar  solution  and  exhibits  a  pH-range 
of  29*.  One  can  use  it  with  the  following  solutions  as  electrolyte: 
nitrides,  azides,  imides  and  amides.  We  selected  sodium  azide  and 

*Jochen  Jander,  Chemie  in  wasserfreiem  flUssigem  Ammoniak, 

Friedrich  Vieweg  &  Sohn  (1966) 


lithium  amide,  as  these  chemicals  can  be  handled  in  a  safe  manner 
and  since  they  show  a  sufficient  solubility  in  ammonia.  The 
solutions  separate  into  the  following  ionic  species: 

LiNH2  -v  Li+  +  NH~ 

NaN3  -»■  Na+  +  N~ 

To  obtain  liquid  ammonia,  a  special  system  was  developed  and  dried 
ammonia  gas  was  condensed  in  argon  vapour.  The  cathode  was  for  the 
subsequent  anodic  nitridization  platinum. 

The  following  observations  could  be  made  with  this  electrolytic 
work:  At  the  cathode  the  known  blue  colouring  effects  occur  due  to 
dissolved  sodium  .or  lithium.  These  colours  disappear  after  inter¬ 
rupting  the  voltage.  They  are  caused  by  the  creation  of  amide  mole¬ 
cules  at  the  aluminium  anode.  The  evolution  of  gas  was  observed  as 
well  as  a  white  porous  layer  after  the  evaporation  of  ammonia  under 
argon.  Since  the  layer  could  be  removed  easily  by  rubbing  and  since 
it  showed  an  irregular  and  porous  structure  under  the  microscope, 
its  composition  was  not  further  investigated.  A  similar  result  was 
obtained  when  a  GaAs  anode  was  used.  In  this  case  the  layer  had  a 
grey  colour.  The  additional  over-potential  during  electrolytic 
growth  between  the  electrodes  never  became  larger  than  several  tens 
of  volts  for  a  current  of  between  one  and  hundred  milliamps  and 
showed  irregular  breakdown  effects.  All  these  effects  could  be 
explained  on  the  basis  of  the  different  behaviour  shown  by  nitrogen 
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ions  in  contrast  to  oxygen  ions.  Whereas  oxygen  ions  can  drift 
across  an  oxide  layer  once  formed  under  the  influence  of  an 
electric  field,  this  seems  to  be  impossible  for  nitrogen  ions.  It 
is  possible  that  this  is  related  to  the  different  binding  energies 
of  oxides  and  nitrides.  Reactions  a  higher  temperatures  than  -  33°  C 
can  not  be  investigated  because  of  the  low  boiling  temperature  of 
ammonia.  It  would  of  course  be  possible  to  undertake  electrolytic 
work  with  liquid  NaNH^-KNH^  at  about  100°  C.  However,  both 
substances  are  very  explosive  in  moist  air.  The  conclusion  of 
these  initial  investigations  so  far  indicate  that  a  nitride  film 
formation  for  GaAs  surface  passivation  with  liquid  ammonia  requires 
further  systematic  efforts  which  are  now  under  way. 
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CHAPTER  7 


Passivation  of  InGaAsP 
(W.  Schmolla) 

Quarternary  compound  semiconductor  materials  are  used  at  present 
to  fabricate  new  light  emitters  for  frequencies  where  lower 
attenuation  values  are  available  with  optical  wave  guides.  It  is 
also  of  interest  to  investigate  the  electrical  behaviour  of  oxide- 
covered  compound  semiconductor  surfaces  since  previous  work  has 
produced  a  reasonably  good  understanding  of  the  corresponding 
behaviour  of  the  binary  materials  forming  this  new  quarternary 
composition.  Investigations  to  measure  the  electrical  behaviour 
of  MOS  structures  in  InGaAsP  are  therefore  undertaken  with  the 
material  manufactured  at  the  German  Post-Office  Laboratories  of  the 
nearby  Research  Institute. 

First  experimental  results  indicate  that  the  MOS  structure  is 
possibly  less  strongly  affected  by  various  trapping  effects.  It 
is  of  course  not  clear  whether  this  observation  is  caused  by  a 
particular  physical  effect  available  with  such  quarternary  mixtures. 
For  example  it  might  be  possible  that  the  incorporation  of  non- 
oxidized  As  and  P  leads  to  conditions  where  some  compensation  of 
these  trapping  centers  takes  place.  However,  further  work  has  to 


show  what  the  reason  for  this  oberserved  behaviour  is. 
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It  has  also  been  suggested  that  the  reason  for  the  strong 
interface  state  peak  in  the  band  gap  of  GaAs  MOS  structures  is 
the  presence  of  As  vacancies  created  by  the  highly  energetic 
dynamic  processes  of  oxidation.  Similarly  it  was  proposed  that 
the  interface  state  densities  in  the  lower  half  of  the  energy 
gap  for  InP  MOS  structures  are  created  by  In  vacancies.  It  may 
be  that  such  quarternary  mixtures  of  both  binary  materials  produce 
a  compensation  of  both  vacancy  states.  Further  experimental 
efforts  are  underway  to  substantiate  these  initial  findings. 
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CHAPTER  8 


Emulsions  on  GaAs  Surfaces 
(K.  Rohkel) 

Experimental  efforts  are  underway  to  explore  the  possibilities 
of  passivating  GaAs  surfaces  by  the  deposition  of  emulsions  which 
turn  into  SiC^  after  suitable  heat  treatment.  This  is  based  on 
well-known  products  of  the  American  Company  Emulsitone  and  lately 
also  of  the  German  Degussa  Company. 

I  5  I 

Recently,  first  results  were  published  by  a  U.S.  Laboratory1  1 
where  GaAs  surface  seem  to  have  been  passivated  quite  successfully 
with  such  SiC>2  deposition  by  spinning  an  emulsion  and  subsequent 
heat  treatment. 

An  indication  of  good  surface  coverage  and  adhesion  for  these 
silica  films  out  of  deposited  emulsions  can  be  obtained  if  the 
well-known  method  of  providing  a  doping  source  from  these  emulsions 
is  found  to  produce  uniformly  doped  layers  into  GaAs.  This  is  in 
any  case  a  useful  technological  facility.  Therefore  it  was  decided 
to  explore  these  possibilities,  in  order  to  assess  our  method  of 


depositing  SiC^* 
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Since  interest  in  such  work  also  exists  at  the  German  Post-Office 
Laboratories  (FTZ)  here  in  Darmstadt,  a  joint  project  was  under¬ 
taken  to  deposit  such  films  on  expitaxial  GaAs  surfaces.  A  student 
project  was  defined  and  the  student,  Mr.  H.W.  Wagner,  undertook  most 
of  the  experimental  measurements  under  the  supervision  of  Mr.  K. 
Rohkel . 

The  best  method  for  Si02  deposition  on  GaAs  via  emulsions  was 
found  to  be  as  follows:  The  emulsion  was  deposited  by  spinning  and 
subsequently  a  heat  treatment  was  applied.  A  temperature  between 
200°  C  and  400°  C  for  15  minutes  was  first  applied.  A  solid  film 
occured  through  polymerisation  with  the  doping  impurity  Zn. 

Onto  ( 100) -orientated  n-GaAs  slices  (doping  concentration 
~  10^  cm  and  thickness  -  1  mm)  a  SiO^  layer  of  "  4000  8  thick¬ 
ness  was  thus  deposited  and  annealing  was  undertaken  in  an  atmosphere 
of  for  15  minutes.  If  the  slices  were  heated  up  very  slowly,  the 
occurrance  of  little  bubbles  and  cracks  in  the  deposited  silica 
film  could  be  minimized.  Such  imperfections  are  magnified  during 
the  subsequent  diffusion  process  (Figures  12,  13),  which  was  under¬ 
taken  at  temperatures  of  around  800°  -  900°  C  for  about  20  -  60 
minutes.  The  resulting  p-n  transition  could  be  made  visual  by 
cleavage  of  the  GaAs  slices  and  suitable  etching  for  about  20  sec. 

The  scanning  electron  microscope  details  indicate  that  the  junction 
is  about  1  ym  deep  (Fig.  14).  This  result  could  be  confirmed  by 
the  measurement  with  a  microprobe  (Fig.  16).  After  depositing 
suitable  ohmic  contacts,  the  current  voltage  behaviour  shows  that 
a  suitable  p-n  junction  is  produced  (Fig.  15). 


Figure  13  :  GaAs  surface  after  40  minutes  diffusion  at  900°  C 
(SiC>2  film  removed)  otherwise  like  Figure  12 


Figure  16  :  Microprobe  material  profile  versus  etch  time 


GAAS  (ZN) 


**  < 


TIME  (SECONDS) 

V  =  64  Zn 
O  =  69  Ga 
O  =  75  As 

FILE  NAMEB4  6  DATE  12/ 17/7 9  TIME11:20:19 


Secondary  Ion  Mass  Spectroscopy 


43 


APPENDIX 
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An  Assessment  of  the  Quality  of  Anodic  Native  Oxides  on  GaAs 
for  MOS  Devices 

Thin  Solid  Films  56  (1979)  p.  51-61 
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1  .  Introduction 

After  the  early  non-Si  components  employed  special  effects  of 
such  semiconducting  materials  as  GaAs ,  for  example  the  electron- 
transfer  effect,  or  efficient  junction  lasing,  new  developments 
produced  microwave  FET-amplifiers  and  their  analog  and  digital 
integration.  So  far,  these  transistors  are  primarily  of  Schottky- 
gate  type,  but  there  is  of  course  a  great  interest  to  have  also 
MOSFET's.  Extensive  efforts  are  made  therefore  in  many  countries 
to  obtain  a  passivation  scheme  on  compound-semiconductor  surfaces. 
So  far,  a  variety  of  methods  have  been  reported  to  form  insulating 
films  on  GaAs  and  other  compound  semiconductors,  including  thermal- 
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plasma-  and  anodic  oxidation;  evaporation,  sputtering,  chemical 
vapour  deposition  and  others  ^  L  None  is  fully  satisfactory,  although 
some  are  more  useful  already  than  others.  They  can  be  devided  into 
two  types  of  film  formation,  namely  oxidation  and  deposition.  The 
films  obtained  by  oxidation  are  called  "native  oxide",  if  this  is 
grown  by  consuming  the  semiconductor.  The  chemical  composition  of 
the  oxide  depends  somewhat  on  the  oxidation  conditions.  In  general, 
a  low  temperature  process  such  as  plasma  and  electrolytic  anodic 
oxidation  produces  oxides  of  both  Ga  and  As.  The  composition  ratio 
of  Ga,  As  and  0  has  been  analized  by  various  methods  such  as  Auger 
electron  spectroscopy,  secondary  ion  mass  spectroscopy  and  X-ray 
protoelectron  spectroscopy. 

A  high  temperature  process  such  as  thermal  oxidation  produces 
polycrystalline  gallium  oxide  (Ga2C>3)  .  Oxides  grown  by  a  low 
temperature  process  change  their  composition  to  Ga20^  when  they  are 
annealed  at  temperatures  higher  than  450°  C.  Polycrystalline  Ga^^ 
is  rather  conductive  and  not  suitable  for  passivation  of  GaAs. 
Furthermore,  thermal  oxidation  and  high-energy  plasma  oxidation 
introduce  a  damaged  layer  on  the  GaAs  surface. 

To  achieve  a  suitable  passivation  scheme,  it  is  necessary  to 
find  an  insulator  satisfying  a  series  of  requirements.  Firstly,  the 
Interface  semiconductor-insulator  must  be  such  that  the  application 
of  a  bias  to  a  metal-oxide-semiconductor  sandwich  enables  one  to 
bring  the  Fermi  level  freely  to  accumulation  or  to  depletion  or  to 
inversion  conditions.  Secondly,  the  leakage  current  and  charge 
trapping  of  the  oxide  must  be  very  small.  Then  the  chemical  stability 
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of  the  insulator  has  to  be  high;  particularly,  the  diffusion  constants 
for  important  impurities  of  the  semiconductor  have  to  be  sufficiently 
small  in  the  insulator  which  has  to  act  as  a  protective  coating. 

Some  first  achievements  are  now  available  with  a  few  of  the 
passivating  films  covering  GaAs  and  other  compound  semiconductors. 
They  are  still  tentative  and  require  further  confirmation.  However, 
they  already  seem  to  give  a  conherent  picture.  The  present  review 
is  written,  to  bring  those  entering  this  expanding  field,  into  contact 
with  the  present-day  understanding  of  passivation  for  compound 
semiconductors  and  to  stimulate  those  working  in  this  field  to  make 
further  contributions.  This  review  covers  experimental  information 
as  established  by  many  workers  in  this  area. 
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2.  Amorphous  or  Crystalline  Oxides 

Results  are  firstly  reviev/ed  here  which  show  the  change  in  the 
crystallographic  structure,  crystallinity  and  chemical  composition 
as  a  function  of  growth  rate  (initial  current  density)  and  annealing 
parameters  (annealing  temperature,  time  and  ambient  atmosphere)  I  2 1 . 
Then  the  electrical  conditions  after  partial  crystallization  are 
described  It  is  therefore  tentatively  proposed  here  that  partial 

crystallization  does  not  only  lead  to  the  commonly  accepted  higher 
impurity  diffusion  along  grain  boundaries,  but  that  the 
current  is  also  increased  in  this  way. 

The  material  generally  used  for  these  experiments  was  (100) 

18  —3 

orientated  bulk  single  crystal  Si  doped  GaAs  (n  -  2  x  10  cm  ) . 

It  was  cleaved  into  samples  approximately  5  mm  x  3  mm  which  was 
cleaned  in  an  ultrasonic  cleaner  using  acetone,  trichloroethylene, 
methanol  and  chloroform. 

Native  anodic  oxide  layers  were  produced  on  the  samples  by 
anodisation  in  an  electrolyte  consisting  of  tartaric  acid  in  glycol 
with  the  pH  of  the  solution  being  adjusted  to  6.3  by  the  addition 
of  ammonium  hydroxide^  L  The  oxide  layers  were  grown  using  several 

2 

values  of  the  initial  current  density  ranging  from  0.1  to  2.0  mA/cm 
with  the  current  density  being  changed  by  varying  the  resistance 
in  series  with  the  electrolytic  cell,  and  a  constant  voltage  supply. 
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The  samples  were  annealed  in  a  quartz  tube  furnace  in  an 
atmosphere  of  high  purity  nitrogen  (oxygen  free)  and  the  furnace 
temperature  was  accurately  controlled  using  an  electronic  temperature 
controller  so  that  the  heat  cycle  used  was  reproducible.  Before  the 
samples  were  heated,  the  furnace  tube  was  flushed  out  with  nitrogen 
to  remove  all  the  oxygen  present  and  it  was  prevented  from  entering 
the  furnace  tube  via  the  gas  outlet  by  using  a  bubbler  partially 
filled  with  glycerine.  The  sample  is  heated  up  to  the  required 
temperature  (T)  as  quickly  as  possible,  held  at  this  temperature 
for  10  mins  and  then  cooled  down  at  a  rate  of  either  300°  C  per  hour 
or  100°  C  per  min. 

The  structure  of  the  bulk  oxide  was  determined  by  X-ray 
diffraction  where  the  samples  were  mounted  on  aluminium  rods  which 
were  mounted  on  the  specimen  holder  of  a  Philips  X-ray  diffracto¬ 
meter,  A  plot  of  X-ray  count  as  a  function  of  2  0  was  obtained,  where 
0  is  the  angle  of  incidence  of  the  X-ray  beam  with  the  sample.  A 
cleaned  unprocessed  sample  of  the  above  GaAs  was  analysed  and  the 
(200)  and  (400)  reflections  of  GaAs,  which  also  occurred  in  all  the 
spectra  of  the  oxidised  samples,  served  as  a  calibration  for  each 
spectrum  by  determining  the  2  0  scale  of  the  instrument  to  find  the 
instrumental  peak  broadening  factor.  The  radiation  used  here  was 

Fe  K  (X  =  1.938  R) . 
a 

The  structure  of  the  surface  of  the  oxide  layer  was  determined 


using  an  AEI  E.D  2  electron  diffraction  camera.  From  the  diffraction 
patterns  obtained  the  structure  and  orientation  of  the  surfaces  of 
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the  samples  were  obtained.  An  SEM  fitted  with  a  microprobe  analvser 
was  used  to  examine  the  surface  topography  and,  roughly  the  chemical 
composition  of  the  oxide  layers  respectively. 

To  determine  the  chemical  resistance  of  the  various  oxide  layers 
they  were  etched  in  a  10  %  solution  (by  volume)  of  hydrochloric 
acid  for  5  minutes  after  which  the  etching  was  terminated  by  washing 
the  samples  in  de-ionised  water. 

Initially  a  thin  anodic  oxide  layer  (approximately  50  8  thick) 

was  grown  on  a  GaAs  sample  using  an  initial  current  density  of 

2 

about  0.25  mA/cm  .  An  examination  of  this  sample  using  reflection 
electron  diffraction  showed  that  the  surface  was  almost  amorphous, 
its  diffraction  pattern  consisted  of  several  diffuse  bands  which 
are  characteristic  of  amorphous  native  oxide  layers  on  GaAs ^ 5 L 

Another  anodic  oxide  layer,  of  2000  8  thickness,  was  grown  with 

2 

a  current  density  of  1  mA/cm  and  etched  in  HC1  fumes  to  remove  all 
but  the  last  50  8  (approximately)  of  oxide  whose  structure  was 
determined  by  electron  diffraction.  The  diffraction  pattern 
consisted  then  of  dots  arranged  in  rings  which  indicates  that  the 
material  immediately  adjacent  to  the  GaAs  surface  is  now  poly¬ 
crystalline.  This  is  either  due  to  the  crystallisation  of  the  thin 
layer  nearest  to  the  GaAs  when  a  reasonably  thick  oxide  layer  is 
grown,  or  due  to  the  action  of  the  HC1  fumes  on  the  remaining  oxide 
layer.  The  former  explanation  could  also  be  understood  in  connection 
with  the  observed  excess  Ga ^ I  or  non-oxidizcd ^ I  As  found  in  such 
a  layer  as  described  below  in  chapter  3. 
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Several  samples  were  grown  by  using  an  initial  current  density  of 

1  mA/cm  and  annealed  in  either  As  or  high  purity  hydrogen  at  500°  C 

for  30  mins.  After  annealing  the  samples  were  chemically  analysed 

and  found  to  have  a  Ga  :  As  ratio  of  about  2  :  1  as  compared  with  a 

ratio  of  approximately  2  :  1.5  before  annealing;  this  change  was 

coincident  with  a  change  of  oxide  thickness  from  2000  8  (pink)  to 

1500  8  (green) .  Taking  into  account  the  penetration  depth  of  the 

microprobe  analyser  this  corresponds  to  a  considerable  loss  of  the 

As  component  of  the  oxide.  Since  the  presence  of  the  As  atmosphere 

would  inhibit  the  loss  of  As  from  the  oxide  and  no  significant  As 

loss  is  expected  from  the  GaAs  at  this  temperature^  it  can  be 

concluded  that  the  observed  As  loss  is  due  to  the  outdiffusion  of 

arsenic  oxide.  Those  samples  annealed  in  the  high  purity  hydrogen 

atmosphere  behaved  in  a  very  similar  manner.  By  raising  the 

annealing  temperature  to  600°  C  and  using  a  high  purity  hydrogen 

atmosphere,  the  amorphous  oxides  were  reduced  to  metallic  Ga  in 

agreement  with  a  basic  chemical  understanding  of  the  elements 
1 9  I 

involved  1  1  . 

For  the  anodised  samples  grown  with  an  initial  current  density 
2 

of  2  mA/cm  the  only  peak  present  in  the  spectrum  of  the  anodised 
sample  which  was  not  present  in  the  spectrum  of  the  cleaned  GaAs 
sample  occurred  at  2  0  =  40,6°,  which  corresponds  to  d  =  2.816  8. 

It  was  possible  to  determine  the  position  of  this  peak  accurately 
since  the  2  o  values  of  these  peaks  were  very  similar  (40.45  and 
40.60)  and  these  two  peaks  were  of  a  comparable  magnitude,  due  to 
the  low  intensity  (<  1  %)  of  the  (200)  GaAs  reflection  and  the  small 
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amount  of  anodic  oxide  present.  The  peak  which  occurs  at  2  G  =  40.6° 
for  the  anodised  samples  corresponds  to  the  (200)  reflection  of 
8  ~  Ga20^ ,  i.e.  the  8  -  Ga2G2  is  (TOO)  orientated.  This  is  the  most 
likely  orientation  of  the  8  -  Ga2°3  since  its  lattic  constants  in 
the  (100)  plane  are  very  similar  to  those  for  the  (100)  plane  of 
GaAs,  as  was  also  seen  by  the  'd'  spacings  of  the  (200)  reflections 
of  8  -  Ga^O^  which  are  2.816  8  and  2.832  8  respectively.  Information  on  the 
change  in  the  volume  and  crystallite  size  with  annealing  temperature 
for  the  crystalline  8  -  Ga2G3  is  presented  in  Figure  1 .  This  data 
can  be  derived  from  the  intensity  and  the  width  at  half  intensity 
of  the  measured  peak  respectively.  The  results  show  that  the 
unannealed  samples  contained  an  appreciable  amount  of  crystalline 
8  -  Ga2°3  only  for  high-current  density  growth  and  that  the  total 
amount  of  crystalline  material  did  not  increase  significantly  until 
it  was  annealed  above  450°  C. 

As  the  peak  width  is  inversely  proportional  to  the  average  size 
of  the  crystallites  in  the  oxide,  one  can  see  that  the  crystallite 
size  decreases  initially  with  increasing  annealing  temperature  until 
450°  C  was  reached  above  which  it  increases  rapidly.  It  has  to  be 
noted  of  course  that  some  of  the  observed  variations  in  peak  width, 
especially  the  decrease  with  increasing  annealing  temperature,  may 
be  due  to  other  factors  such  as  strain  and  variations  in  the  chemical 
composition  of  the  sample.  On  the  other  hand,  a  real  decrease  in 
average  crystallite  size  over  a  limited  temperature  range  can  be 
considered  as  an  indication  for  a  considerable  formation  rate  of 
new  single-crystal  nucleating  sites.  At  higher  temperatures  it  would 
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become  more  difficult  to  form  sufficiently  stable  clusters  of 
molecules  to  become  single-crystal  nucleating  sites.  There,  only 
existing  crystallites  would  grow  and  thus  increase  the  average 
crystallite  size.  Such  an  interpretation  would  indicate  that  high 
annealing  temperatures  con  be  applied  without  considerable  crystal¬ 
lisation  by  going  as  rapidly  as  possible  over  the  temperature  range 
from  350°  C  to  450°  C,  both  when  applying  and  when  removing  the 
heat.  Experiments,  described  below,  do  indeed  give  some  confirmation 
for  this  understanding. 


The  effect  of  the  annealing  time  was  also  studied  on  the  samples 

which  were  found  to  be  crystalline  immediately  after  growth,  i.e. 

2 

those  grown  with  a  current  density  of  2  mA/m  .  By  varying  the 
annealing  time  from  10  to  60  mins  at  a  temperature  of  600°  C  it  was 
found  that  the  average  crystallite  size  increased  with  increasing 
the  annealing  time,  see  Fig.  2,  with  no  significant  change  in  the 
total  volume  of  the  crystalline  6  -  Ga20.j.  This  can  be  considered 
to  be  due  to  the  movement  and  coalescence  of  individual  crystallites 
produced  initially  at  lower  temperatures. 

All  of  the  above  results  neglect  the  effects  of  the  absorption 
of  the  X-rays  in  the  amorphous  oxide  layers.  An  estimate  of  the 
average  crystallite  size  of  the  0  -  Ga2C>3,  for  a  peak  width  at  half 
height  of  0.05°,  gives  a  value  of  -  150  R. 

An  analysis  of  the  electron  diffraction  patterns  produced  by  the 

samples  grown  with  initial  current  densities  of  between  2.0  and 
2 

0.1  mA/cm  shows  that  the  surfaces  of  all  of  the  unannealed  oxides 
are  amorphous.  However,  after  annealing  in  connection  with  the 
fabrication  of  Au  Ge  ohmic  contacts  on  the  back  face  of  the  sample, 
the  surfaces  of  the  oxides  became  slightly  ordered  and  produced 
diffraction  patterns  which  consisted  of  several  very  diffuse  rings. 

After  annealing  the  samples  grown  using  the  above  current 
densities  and  cooling  the  samples  at  a  rate  of  300°  C  per  hour  an 
analysis  of  the  electron  diffraction  patterns  showed  that  the 


surface  crystallised  out  into  a  polycrystalline  6  -  Ga2°3  structure, 

with  only  the  rings  corresponding  to  the  (h.o.l)  reflections  present. 

As  the  annealing  temperature  was  raised  the  rings  of  the  diffraction 

patterns  became  sharper,  indicating  an  increase  in  the  average 

crystallite  size.  Another  effect  which  was  observed  at  high  annealing 

temperatures,  especially  for  samples  grown  using  a  current  density 
2 

of  2  mA/cm  ,  was  that  the  only  rings  corresponding  to  the  (1.0.1) 
reflections  were  visible  indicating  that  this  structure  had  become 
more  orientated.  However,  after  annealing  at  800°  C  it  produced  a 
pattern  consisting  of  spots  and  rings  showing  that  some  crystals  of 
B  -  Ga^O^  were  produced.  The  crystallite  size  was  found  to  be  a 
function  of  the  growth  current  density,  the  larger  crystallite  size 
being  present  in  the  samples  grown  with  a  higher  current  density, 
as  was  found  by  X-ray  diffraction. 

By  using  the  annealing  process  with  the  fast  cooling  rate  of 
100°  C  per  min  even  the  sample  annealed  at  700°  C  for  10  mins,  was 
found  to  remain  almost  amorphous  in  contrast  to  samples  annealed  at 
even  as  low  as  500°  C  but  cooled  down  at  a  very  slow  rate. 

Thus  the  crystallisation  at  the  surface  of  the  oxide  as  studied 
by  electron  diffraction  is  much  less  pronounced  than  that  at  the 
interface.  From  a  knowledge  of  the  electron  beam  penetration  and 
the  approximate  angle  of  incidence  of  the  beam  with  the  sample, 
the  depth  of  the  analysed  material  can  i:i  fact  be  estimated  to  be 
about  50  ft.  This  surface  crystallisation  is  of  course  grown  in  an 


amorphous  bed  of  oxide  as  opposed  to  any  interfacial  crystallisation,  ! 
which  is  likely  the  crystallisation  detected  by  X-ray  diffraction.  ! 

-t 

The  SEM  shows  all  the  sample  surfaces  to  be  extremely  flat  with 
the  exception  of  a  very  occasional  defect,  which  can  be  thought  to 
be  due  to  some  contamination  of  the  sample  surface,  except  for 
samples,  annealed  at  or  above  800°  C,  when  the  micrograph  of  the 
surface  shows  the  presence  of  quite  large  crystallites. 

! 

The  variation  of  the  overall  As  :  Ga  ratio  can  conveniently  be 
assessed  by  microprobe  analysis.  The  results  as  a  function  of  annealing 
temperature  show  that  there  is  a  significant  loss  of  the  As  component 
of  the  oxide  between  400  and  500°  C.  This  As  loss  conincides  with 
a  change  in  colour  of  the  oxide  for  example  from  blue  to  purple 
which  shows  a  change  in  the  oxide  thickness  from  1000  8  to  about  ■ 

850  8  .  S  ince  no  such  As  loss  is  known  to  occur  in  GaAs  this  change 
must  come  from  the  oxide  and  it  is  thought  to  be  due  to  the  loss 
of  arsenic  oxide,  due  to  the  high  vapour-pressure  of  As^O^  at  ' 

relatively  low  temperatures. 

A  comparison  of  the  results  of  the  X-ray  and  the  electron 
diffraction  experiments  suggests  that  the  predominant  crystallisation 
process  occurs  at  the  GaAs-oxide  interface  with  a  secondary 
crystallisation  process  occuring  at  the  oxide  surface.  This  can  be 
seen  from  the  highly  orientated  nature  of  the  interface  oxide  as 
compared  to  that  on  the  surface  as  well  as  for  the  degree  of  order 
and  the  volume  of  the  crystallisation,  both  of  which  are  greater  for 


the  interfacial  process.  The  volume  of  the  surface  crystallisation 
is  much  less  that  that  of  the  interfacial  case  since  only  the  latter 
shows  up  on  the  X-ray  spectra.  These  two  crystallisation  processes 
can  be  considered  to  be  independent  of  each  other  since  the 
orientation  of  the  two  crystallised  layers  is  different. 

It  is  useful  to  compare  the  structural  results  with  the  electrical 
behaviour  of  the  oxide.  For  this  purpose  A1  dots  were  evaporated  onto 
the  oxide  after  annealing.  The  capacitance  against  applied  voltage  and 
the  DC  conductivity  were  then  measured.  In  special  cases  a  wide  range 
of  RF  and  DC  current  measurements  were  taken  to  provide  details  for 
annealed  samples  under  optimum  conditions  and  figure  3  shows  some 
typical  results. 

The  C-V  curves  are  given  for  f  =  1  kHz.  It  should  be  mentioned 
that  the  curves  were  measured  with  an  automatic  C-V  plotter.  The 
dielectric  constant  of  the  oxide  was  found  to  be  cr  =  7.8.  The  DC 
conductance  was  obtained  by  a  Keithley  602  Electrometer.  The  I-V 
curves  obtained  had  principally  a  transient  characteristic  (even 
for  the  high  currents  in  the  high-temperature-annealed  samples). 

Thus  hysteresis  effects  appear  which  of  course  in  shape  depend  on 
the  'average  ramp  speed'  correspoding  to  the  hysteresis  effects 
seen  in  the  C-V  curves.  The  I-V  curves  show  average  leakage  currents, 
provided  after  the  sample  was  kept  for  30  min  at  its  maximum  stress 
bias  but  then  measured  point-by-point  rather  quickly.  (On  figure  3(c) 
the  small  hysterisis  in  C  for  the  300°  C  annealed  samples  and  the 
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deep  depletion  should  be  noted.)  Unfortunately,  the  DC  conductivity 
has  deteriorated  slightly  (compare  figures  3b  and  3d)  and  is  in 
particular  highest  in  the  inversion  region. 

The  DC  conductivity  increases  exponentially  with  annealing 
temperature  and  reaches  the  uA  ranges  per  cir.^  at  700°  C  for  a  gate 
bias  of  +  15  V,  corresponding  to  an  average  field  of  1.5  x  10^  V  cm  ^ 
in  the  oxide.  It  seems  that  slowly  cooled  samples  are  less  stable 
and  show  a  higher  current  density.  This  might  indicate  how  important 
it  is  for  the  oxides  to  remain  fully  amorphous. 

To  quantify  this  behaviour  figure  4  shows  a  summary  of  the 
hysteresis  amplitudes  at  a  capacitance  corresponding  to  the  midpoint 
of  the  range  between  capacitance  maximum  around  60  pF  (which  looks 
like  accumulation,  is  however  likely  to  be  more  complex  as  shown 
below,  at  the  end  of  Chapter  5)  and  the  flat  level  around  30  pF 
(looking  like  inversion)  and  the  DC  current  of  one  set  of  samples 

both  as  a  function  of  annealing  temperature.  It  can  be  concluded 
that  the  onset  of  some  crystallization  and  the  loss  of  As  in  the 
oxide  seems  to  be  associated  with  an  increased  DC  conductivity. 
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3.  Chemical  Analysis 

I  7  I 

Using  ESCA,  it  has  been  demonstrated1  1  that,  by  ion  etching 
the  oxide  away  from  its  top  surface,  one  first  finds  the  transition 
from  As2C>3  to  non-oxidised  As,  and,  only  several  etch  minutes  later, 
the  transition  from  Ga203  to  GaAs.  This  behaviour  is  not  modified 
by  any  of  the  low-temperature  annealing  processes  normally  aplied 
to  GaAs  MOS  samples  in  order  to  achieve  an  improved  capacitance- 
voltage  behaviour.  Laser  annealing  of  GaAs  MOS  structures  seem  to 
have  shown  that  the  As203  -  As  transition  can  be  made  to  go  nearer  to 
the  oxide  surface  whereas  the  Ga203  -  Ga  interface  moves  simultaneously 
further  into  the  GaAs.  It  would  mean  that  the  provision  of  sufficient 
energy  causes  a  transfer  of  oxygen  to  take  place  from  As203  to  any 
non-oxidised  Ga  or  to  Ga  in  GaAs. 

R.P.H.  Chang  reported for  plasma  oxidised  GaAs  that  this 
non-  oxidised  As  layer  can  be  seen  at  the  interface  as  a  clear  band 
when  a  thin  slice  transverse  to  the  MOS  surface  is  analysed  by  TEM. 
After  the  normal  heat  treatment  of  the  MOS  sample,  this  band  seems 
to  break  up  and  forms  elliptical  islands.  Aligning  the  electron-beam 
to  obtain  diffraction  patterns  can  then  be  used  to  show  that  these 
islands  are  formed  of  crystalline  As. 

The  conclusion  of  these  results  is  surely,  that  the  problem  of  GaAs 
passivation  is  caused  primarily  by  the  difference  in  oxidation  rates 
for  Ga  and  As. 
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Preliminary  results'  1  show  that  a  two  step  oxidation  of  the 

following  procedure  avoids  the  band  of  non-oxidised  As  and  seems 

to  give  improved  data  :  A  thin  layer  of  native  oxide  is  first 

electrolytically  grown  into  GaAs.  This  is  then  heated  in  hydrogen 

atmosphere  to  a  sufficiently  high  temperature  so  that  all  As203 

evaporates  without,  however,  affecting  the  GaAs,  and  so  that  most 

I  9  I 

of  the  Ga^O^  is  transformed  into  Ga  and  H^O  (which  evaporates) 1  1 

A  layer  of  A1  is  now  evaporated  on  the  remaining  Ga  +  Ga2C>3  film 
and  electrolytically  oxidised.  This  oxidation  is  pursued  into  the 
original  Ga203  layer  without,  however,  going  into  the  GaAs.  The 
resulting  capacitance-voltage  behaviour  of  such  films  is  discussed 
at  the  end  of  Chapter  5. 

Structural  information  on  the  composition  of  such  thin  films 

112  1 

can  be  obtained  by  Auger  electron  spectroscopy  (AES) 1  1  and  X-ray 

photoelectron  spectroscopy^"^  (ESCA) ,  when  combined  with  a  suitabl 

etching  technique.  It  seems  that  ESCA  offers  sometimes  advantages 

over  AES  due  to  the  possibility  of  stronger  chemical  shift  data 

which  is  more  easily  obtained  and  also  interpreted  with  the 
I  131 

former1  '.  However,  AES  does  have  the  advantage  of  speed  and  of 
being  able  to  examine  different  parts  of  a  single  sample,  so  that 
a  combination  of  both  techniques  v/here  available  offers  the  best 
solution. 

GaAs  samples  were  oxidised  by  using  one  of  the  following  two 


electrolytes 
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(i)  3  %  tartaric  acid  solution  mixed  in  the  volume  ratio 
1  :  2  with  propan  1,  2  diol  (AGW) I  4  I . 

(ii)  0.02  M  (NH^)  l^PO^  solution  mixed  in  the  volume  ratio 
1  :  2  with  propan  1,  2  diol. 

Anodisation  was  carried  out  under  constant  current  conditions. 


I  1 4  I 

ESCA  spectra  thus  obtained1  'were  recorded  on  an  A.E.I. 

—  ft 

E.S.  200  B  spectrometer  at  typical  chamber  pressures  of  2  x  10 
Torr,  utilising  Mg  Ka2  radiation  at  1253.6  e.V.  They  were 
recorded  at  0.1  V  sec  1  (Ga  and  As  3d  peaks)  and  0.05  V  sec-1 
(A1  2p  and  01s  regions) .  Both  analogue  and  digital  spectra  were 
recorded  simultaneously,  the  sampling  rate  for  the  latter  being 
50  times  per  minute. 

Ar-ion  milling  was  carried  out  using  an  ION-TECH  saddle  field  ion 
source  fitted  with  a  scanning  facility.  The  source  has  a  beam  of 
height  1  cm  and  this  was  scanned  along  the  length  of  the  sample, 
at  a  mean  angle  of  45°  to  the  sample  surface.  Argon  was  99.996  % 
purity  (B.O.C.).  The  source  was  operated  at  either  8  kV  3  mA  or 
5  kV  2  mA.  Approximate  etch  rates  were  25  8  per  minute  in  the 
former  and  6  8  per  minute  in  the  latter  case.  These  etch  rates 
were  estimated  from  depth  profiles  obtained  from  oxide  films  of 
known  thickness. 
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Figure  5-8  show  the  profiles  obtained  from  native  oxide  films 
grown  on  GaAs  in  the  A GW  electrolyte.  The  surface  region  is  often 
As  rich  as  compared  to  the  bulk.  (The  first  point  in  all  these 
profiles  is  unrepresentative  due  to  surface  contamination  and  should 
be  ignored.)  The  other  features  of  these  profiles  are  very  similar 
to  those  already  discussed.  The  bulk  of  the  film  is  uniform  with 
an  As/Ga  ratio  of  about  0.5.  There  is  a  slightly  Ga203  rich  region 
adjacent  to  the  substrate  and  the  As  profile  of  the  GaAs  substrate 
indicates  the  probable  presence  of  elemental  As  at  the  interface. 

The  interface  width  obtained  from  the  oxygen  profile  was  60  8. 

(The  sample  was  etched  at  5  kV.) 


4.  Some  Technological  Recipes 

In  silicon  technology,  surface  passivation  is  usually  achieved 
by  thermal  oxidation.  However,  this  method  is  not  directly  applicable 
to  most  compound  semiconductors  such  as  GaAs,  due  to  the  high  vapour 
pressure  of  the  volatile  components  (e.g.  As).  On  the  other  hand 
anodic  oxidation  in  bothvvet  electrolytes  as  well  as  gas  plasmas  is 
a  low  temperature  process  and  can  be  used  as  an  alternative  method 
to  thermal  oxidation.  Wet  anodic  oxidation  of  GaAs  is  possible  in  a 
variety  of  electrolytes  producing  uniform  and  reproducible  native 
oxides. 

A  simple  cell  used  for  the  anodisation  of  the  GaAs  essentially 
consists  of  a  GaAs  anode  and  an  A1  or  Pt  cathode  both  immersed  in  a 
suitable  electrolyte.  A  schematic  drawing  of  a  convenient  cell  is 
shown  in  Figure  9.  A  slow  stirring  of  the  electrolyte  is  achieved 
by  a  teflon  encapsulated  magnetic  stirrer.  The  current  is  supplied 
to  the  cell  by  means  of  a  high  voltage  supply  (0  -  2100  V)  with  a 
very  high  resistor  connected  in  series.  The  current  supplied  to  the 
cell  is  measured  with  an  ammeter  connected  in  series,  and  the 
potential  difference  between  the  anode  and  the  cathode  is  measured 
with  a  suitable  calibrated  x-t  recorder  connected  in  parallel  with 
the  cell. 

The  potential  difference  between  the  anode  and  the  cathode 
consists  of  the  following  parts,  namely  potential  drop  between  the 
cathode  and  the  electrolyte,  across  the  electrolyte,  the  oxide,  and 
the  GaAs  anode.  The  first  two  of  these  potential  drops  are  generally 
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very  small  U  0.5  V)  except  when  very  high  current  densities  are 
used.  The  voltage  across  the  oxide  is  proportional  to  its  thickness 
up  to  a  limited  value.  This  thickness  limit  is  a  property  of  the 
electrolyte  used.  Below  this  limit  the  potential  developed  across 
the  oxide  can  be  employed  to  estimate  the  thickness  of  the  oxide 
grown.  The  potential  drop  at  the  anode  itself  consists  of  four 
parts, 

(a)  the  potential  drop  at  the  electrolyte  -  anode  interface, 

(b)  the  potential  drop  across  the  space  -  charge  layer  in  the  GaAs, 

(c)  the  potential  drop  in  the  bulk  of  the  GaAs  due  to  its  bulk 

resistivity  which  is  a  function  of  its  doping  concentation ,  and 

(d)  the  potential  drop  at  the  back  ohmic  contact. 

All  the  abovementioned  potential  steps  in  the  cell  (except  that  one 
across  the  oxide)  appear  as  an  initial  rise  in  the  overpotential  -  time 
(V  -  t)  curves.  As  the  oxide  grows  under  constant  current  conditions 
the  V  -  t  curve  increases  linearly  and  by  subtracting  the  initial 
rise  from  the  final  voltage,  the  potential  across  the  oxide  can  be 
determined  and  used  to  estimate  its  thickness  as  suggested  earlier. 

The  surface  condition  of  the  GaAs  anode  is  of  major  importance  in 
obtaining  uniform  and  reproducible  oxides  by  anodisation.  A  great  deal 
of  attention  should  be  paid  to  the  sample  preparation  and  the  techniques 
for  maximum  reproducibility. 


The  GaAs  slices  are  usually  in  the  form  of  300  -  500  pm  thick 
wafers,  generally  with  one  side  polished.  All  wafers  have  to  be 
solvent  cleaned*  and  stored  in  dessicators  containing  silica  gel. 

Metallic  ohmic  contacts  are  produced  on  the  unpolished  side  of 
the  wafers  by  vapour  deposition  and  subsequent  annealing.  For  this 
purpose  all  wafers  are  stuck,  polished  side  down,  on  a  thin  pre¬ 
cleaned  glass  substrate  with  Shipley  135  OH  photoresist  to  reduce 
the  risk  of  damage  during  handling.  After  removing  about  1  pm  of  the 
surface  of  the  wafers  with  a  pre-evaporation  etch**,  the  ohmic 
contact  metals  are  deposited  by  evaporation  on  the  etched  surface 
from  heated  tungsten  filaments  at  a  residual  pressure  of  at  least 
10  6  torr  in  a  conventional  evaporator.  The  ohmic  contact  metals  are 
typically  2000  R  88  %  Au  -  1 2  %  Ge  alloy  for  n-type,  and  200  8  In  + 
2000  8  Ag  for  p-type  GaAs.  Following  the  evaporation,  the  wafers  are 
removed  from  the  glass  substrate  by  dissolving  the  photoresist  in 
acetone.  A  second  solvent  cleaning  removes  all  traces  of  photoresist. 


**Pre-evaporation  etchant: 

A  -  4  %  ^02  by  volume,  B  -  2  %  NaOH  by  weight,  A  :  B  =  1  :  1. 

This  etchant  give  an  etch  rate  of  ~  1000  S/minute  at  room  temperature. 


*  Solvent  Clean: 

A  5  minute  boil  followed  by  a  5  minute  of  ultrasonic  cleaning  in 
the  following  solvents  in  turn: 

(i)  Acetone  (ii)  Tr ichloroethelene 

(iii)  Methanol  (iv)  Chloroform 


The  annealing  of  the  ohmic  contacts  is  done  in  a  purged, 
closed-end,  quartz  furnace,  The  annealing  temperature  and  time 
is  chosen  according  to  the  type  of  GaAs.  For  n-type  a  2  second 
annealing  at  465°  C  with  300°  C/min.  heating  and  cooling  rates, 
for  p-type  GaAs  a  2  minute  annealing  at  600°  C  with  100°  C/min. 
heating  and  cooling  rates  is  usually  found  to  produce  the  best 
results.  It  must  also  be  mentioned  that  the  use  of  an  unpolished 
surface  can  be  found  to  improve  the  ohmic  contact  properties. 
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5.  MOS-Device  Results 

III  -  V  compound  semiconductors  are  to  be  employed  wherever  they 
are  superior  to  Si  or  have- facilities  which  are  not  available  with 
Si.  This  means  that  a  substantial  interest  exists  in  using  them 
for  optical  applications.  An  interesting  example  was  developed  by 
workers  at  the  Eastman  Kodak  Company  ^  ,  where  GaAsP  photosensors 

are  fabricated  with  anodically  grown  native  oxides. 

The  other  important  applications  area  is  microwave  or  giga-pulse 
rate  devices  because  the  electron  saturation  velocity  and  low-field 
mobility  can  be  very  high  in  many  of  these  compound  materials. 

GaAs  Schottky-gate  FETs  are  of  course  already  very  mature.  Important 
requirements  are,  however,  still  a  suitable  passivation  for  the  free 
GaAs  surfaces  between  source,  drain  and  gate,  and  the  oxidation 
technology  for  achieving  more  easily  submicron  gate  width  with 
little  alignment  difficulties. 

A  major  interest  is  the  development  of  MOSFETs  in  GaAs.  The  gate 
of  such  a  transistor  can  be  forward  biased  without  any  danger  of 
damage  as  would  be  the  case  with  MESFETs.  This  feature  is  of  advantage 
for  large-signal  operation  with  substantial  input  power  applied  to 
the  gate.  One  would  be  able  to  operate  FET  amplifiers  without  any 
bias  supply  provided  for  the  gate  -  a  possible  circuit  advantage. 

The  Fujitsu  Laboratories  in  Japan  have  found ^  ^  that  the  MESFET  of 
the  same  electrode  geometry  appears  to  have  a  larger  parasitic 
capacitance  C  between  gate  and  source  than  the  MOSFET.  C  is 

y  b  y  5 

dependent  on  the  fringing  edge  capacitance  of  the  gate  strip  and  is 
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for  MOSFETs,  more  like  a  plane-parallel  capacitor  without  significant 

|  16 1 

edge  effects  than  it  is  for  MESFETs.  It  is  then  argued1  <  that  the 


intrinsic  current-gain  cut-off  frequency  f  can  be  potentially  made 
considerably  larger  for  MOSFETs  than  for  Schottky-gate  transistors, 
by  reducing  the  gate  length  without  being  affected  by  the  gate- 
fringing  capacitance. 

With  these  potential  advantages  in  mind,  several  depletion  and 
enhancement  type  GaAs  MOSFETs  have  been  fabricated  by  various 
laboratories.  Perhaps  the  most  advanced  results  have  been  reported 
from  Japan  ^  2  p  long  gates  have  shown  unilateral  power  gain 

over  the  2-8  GHz  frequency  range.  An  enhancement  device  exhibited 
a  maximum  frequency  of  oscillation  at  1 3  GHz.  A  depletion  device 
of  1.8  vj  gate  length  gave  a  maximum  frequency  of  oscillation  of 
22  GHz.  The  intrinsic  current-gain  cut-off  frequency  for  the 
depletion  MOSFET  is  4.5  GHz.  This  type  of  transistor  produced  0.4  W 
output  power  at  6.5  GHz  as  a  Class  A  amplifier. 

By  using  a  two-layer  system  on  a  semi-insulating  substrate, 

17  -3 

namely  a  thin  0.25  p  thick,  2  x  10  cm  n-layer  under  a  1.5  p 
14  -3 

5  x  10  cm  n-layer  covered  by  native  oxide,  an  improved 

I  17l 

enhancement-mode  FET  was  produced1  1  showing  good  saturation 
characteristics  and  operating  entirely  in  the  enhancement  mode.  The 
S  parameter  measurements  covering  a  frequency  range  of  2  -  12  GHz 
show  that,  although  the  gate  length  is  only  1.5  p  short,  the 
unilateral  gain  U  decreases  with  somewhat  more  than  -6  db/Octave 
from  about  11  db  or  1 3  db  power  gain  at  2  GHz  -  quite  an  impressive 
performance . 
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The  difficulty  with  these  otherwise  very  impressive  devices  is 
a  strong  charging  effect  both  into  traps  at  the  interface  and  in 
the  bulk  of  the  oxide  as  described  above.  This  manifests  itself 
firstly  as  a  drift  in  operating  point  of  a  transistor  amplifier 
over  the  first  seconds  after  switching  on  of  the  bias  voltage.  Then, 
a  large  frequency  dispersion  is  observed,  particularly  with  enhance¬ 
ment  MOSFETs ,  at  the  lower  frequency  ranges  between  10  and  100  kHz. 
Unfortunately,  these  effects  are  particularly  serious  for  pulsed- 
signal  operation  as  required  for  logic  integration,  where  MOSFETs 
would  in  fact  be  particularly  advantageous. 

It  seems  that  these  problems  can  be  avoided  with  InP  by  employing 
high-quality  non-native  oxides.  The  peculiarity  of  this  semiconductor 
is  the  absence  of  any  charge  trapping  effects  at  or  near  the  inter¬ 
face  with  the  oxide.  Very  notworthy  are  here  MISFETs  produced  by 

I  1 3  I 

depositing  organic  insulators  on  InP'  '.  These  insulating  films 
are  the  Langmuir-Blodgett  type  of  ampnipathic  molecules  deposited 
first  on  a  water  surface  and  subsequently  transferred  to  single 
crystal  InP  surface  by  dipping  this  and  raising  it  through  the 
air-water  interface.  A  single  monolayer  is  then  transferred  on  to 
the  InP  substrate  during  each  transversal  of  the  water  surface.  The 
organic  molecules  used  have  a  hydrophobic  carbon  tail  and  a  hydrophilic 
polar  head.  Typical  molecular  size  is  2.5  nm  for  stearic  acid 

COOH)  and  2.75  nm  for  arachidic  acid  ( C ^  9^^ 3 5  COOH)  .  The 
Langmuir-Blodgett  films  can  bo  built  up  to  a  thickness  of  1  u  . 

Cadmium  arachidatc  shows  improved  adhesion  properties.  The  gate 

metallisation  used  was  Au  +  Cr  or  Al.  Using  the  Nicol lian-Goctzberger 
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conductance  method,  a  surface  state  density  of  N2  =  2.3  x  10  cm 

(cV)  ^  is  found. 


With  a  reduced  interface  trapping  process  for  InP  MIS  structures, 
it  can  be  expected  that  the  microwave  transistors  produced  with  this 


material  would  exhibit  better  performance  than  GaAs  devices  at  the 

lower  frequency  ranges  as  the  traps  would  not  be  effective  at  microwave 
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frequencies.  This  has  indeed  been  found1  both  the  output 

characteristics  and  the  power  gain  of  GaAs  and  InP  FETs  are  similar 

at  microwave  frequencies.  However,  whereas  the  gain  G  of  GaAs 

m 

transistors  is  decreasing  for  the  upper  kH  frequency  ranges,  this  is 
much  less  marked  for  InP  devices. 


The  facility  of  fabricating  multi-layer  dielectric  structures 
by  anodic  oxidation  of  suitably  metallised  GaAs  surfaces,  lead  to 
long-term  charge  storage  transistors^20  L  They  operate  in  a  similar 
manner  as  Si  MIJOSFETs  where  N  is  SigN4,  except  that  it  can  be 
expected  that  trap  charging  occurs  via  Poole-Frenkel  conduction 
across  the  native  GaAs  oxide  which  has  a  lower  energy  gap  than  the 
covering  A^O^.  Therefore  native-oxide  thicknesses  above  the 
tunnelling  distance  can  be  used  when  it  was  found  that  the  dis- 
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charging  times  for  zero  bias  are  substantially  longer1  1  than  with 
the  corresponding  Si  N-0  interface  where  the  Si02  cannot  be  larger 
than  50  8.  The  increased  charge  retention  facility  of  GaAs  MAOSFETs 
was  also  found  for  tansistors  with  a  thin  metallic  film  between  the 
A1202  and  the  native  GaAs  oxide,  so  called  MAMOSFETs. 


Another  area,  where  GaAs  MOS  structures  have  recently  shown 
interesting  behaviour,  is  the  observation  of  light  emission  from 
diodes  with  oxide  thicknesses  up  to  around  200  $^22  L  The  devices 


have  to  be  biased  then  in  the  reverse  direction,  when  minority 
carriers  are  formed  in  an  inversion  layer  at  the  interface.  They 
are  injected  into  the  oxide,  at  the  same  time  when  majority- type 
carriers  are  injected  from  the  metal  into  the  oxide  towards  the 
GaAs.  The  spectrum  of  the  emitted  light  contains  a  substantial 
amount  of  energy  close  to  and  above  the  GaAs  energy  gap,  indicating 
that  radiative  recombination  processes  occur  at  the  interface  in 
the  GaAs.  However,  a  large  part  of  the  emission  spectrum  is  well 
above  the  GaAs  forbidden-gap  energy.  The  shape  of  this  high-energy 
part  of  the  spectrum  does  not  change  with  increasing  bias  voltage, 
only  the  intensity  of  emission  is  growing.  This  seems  to  be  an 
indication  that  light  emission  from  the  amorphous  oxide  occurs, 
although  it  is  also  possible  that  recombination  radiation  due  to 
hot  charge  carriers  in  the  GaAs  occurs. 

This  emission  effect  deserves  further  studies.  So  far  suitable 
devices  have  been  found  emitting  light  continuously  with  dc  for  many 
months  without  any  apparent  depreciation.. 
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Pulsed-bias  operated  Gap  MOS  devices  with  wet  anodic  oxides'  1 
have  shown  red-light  emission  due  to  recombination  of  the  inversion 
charge  due  to  avalanching  with  the  returning  majority  charge,  when 
each  bias  pulse  is  terminated. 


6.  Conclusions 


Although  interesting  device  results  have  been  reported,  it  is 
particularly  necessary  to  find  ways  of  reducing  the  strong  charge 
trapping  at  and  near  the  interface  between  GaAs  and  the  covering 
insulator  and  to  avoid  the  interface  layer  of  the  non-oxidised 
component  which  oxidises  less  easily,  such  as  As  in  GaAs.  Present-day 
understanding  suggests  that  the  difficulty  is  primarily  associated 
with  this  elemental  non-oxidised  component  at  the  interface.  Promising 
new  observations  indicate  that  a  combination  of  a  suitable  non-native 
oxide  with  a  thin  intermediate  Ga/Ga^^  layer  is  a  strong  contender 
for  improved  GaAs  passivation.  Unfortunately,  it  is  still  too  early 
to  report  on  inversion-layer  GaAs  MOSFETs ,  which  would  be  a  clear 
indication  that  the  passivation  of  GaAs  has  been  solved,  but  a 
considerable  amount  of  progress  has  already  been  made  and  it  is 
hopeful  that  such  good  results  can  be  achieved  if  the  present-day 
effort  is  maintained  or  even  enlarged. 
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Figure  Captions 

t 

Fig.  1  The  variation  of  the  X-ray  intensity  and  peak  width  (x)  at 

half  height  for  the  (200)  reflection  of  g-Ga203  with  annealing 

temperature  for  the  samples  grown  with  a  current  density  of 

2  2  2 
(a)  2,0  mA/cm  ,  (b)  1.0  mA/cm  and  (c)  0.1  mA/cm. 

Fig.  2  The  variation  of  the  peak  width  at  half  height  for  the  (200) 

reflection  of  8-Ga203  with  annealing  time  at  600°  C  for  sample 

o 

grown  with  a  current  density  of  2.0  mA/cm  . 

Fig.  3  Cpacitance  (C)  and  corresponding  DC  current  (I)  against 

voltage  applied  to  the  Al  electrode  of  MOS  diodes  for 

various  annealing  temperatures;  (a) ,  (b) ,  unannealed;  (c) , 

(d)  300°  C;  (e) ,  (f)  700°  C.  -  and  +  refer  to  the  polarity 

of  V  .  Arrows  indicate  the  direction  of  V  change  when  a 
g  g  ^ 

curve  is  plotted,  oxide  thickness  =  1000  8,  area  =  10-3  cm2, 
ramp  speed  for  C  -  V  plot  =  5  V  s~^ . 

Fig.  4  The  hysteresis  of  the  C  -  V  curves  and  the  DC  current  I 

(see  text)  against  annealing  temperature  used,  f  =  1  kHz, 
Vstress  =  20  V'  ramP  speed  =  15  V  s**1 .  o  p-type;  o  n-type. 

Fig.  5-8  Depth  profiles  of  Ga  and  As  3d  E.S.C.A.  intensities 
(in  Fig.  7:  o  Ga  in  Ga203  o  Ga  in  GaAs 

O  As  in  As203  O  As  in  GaAs) 
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Microwave  Characterisation  and  Performance  of  GaAs  MOSFETs 

D.  Pavlidis 
H.L.  Hartnagel 


Abstract 

GaAs  MOSFETs  fabricated  with  anodically  grown  oxide  gates  in  n-type  epitaxial  layer 
on  semi-insulating  substrates  were  tested  at  both  low  and  high  frequencies  in  order 
to  evaluate  their  characteristics  and  prove  their  microwave  capabilities.  A  maximum 
oscillation  frequency  of  4.8  GHz  has  been  obtained  with  a  5  ym  long  gate  structure. 

The  device  showed  power  gains  (MAG)  of  the  order  of  14  db  at  2  GHz  and  appreciable 
frequency  dispersion  of  transconductance  below  800  Hz. 


I.  Introduction 

Although  Si-MOS  technology  has  already  reached  a  mature  stage,  GaAs  and  related 
III  -  V  compounds  are  well  behind  in  this  field  due  to  the  numerous  difficulties  in- 

volved  with  the  passivation  of  their  surfaces.  Anodic11',  Plasma'  '  and  Hitriae 
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based1  1  passivation  techniques  have  not  yet  resulted  in  satisfactory  interface  state 
characteristics  and  the  formation  of  an  inversion  layer  on  the  semiconductor  surfocc- 
has  first  to  be  confirmed  before  full  advantage  of  the  material  properties  in  device 
applications  can  be  taken. 

The  techniques  developed  until  now  for  forming  the  insulator  layers  have  primarily 

|45| 

been  applied  in  order  to  produce  enhancement/depletion  mode  MOSFETs'  ’  1  and  thus  show 
the  advantage  of  using  a  gate  insulator  in  order  to  protect  a  PET  from  positive  volta-r- 
excursions,  which  in  the  case  of  Schottky  gate  transistors  can  be  detrimental.  Further¬ 
more,  due  to  the  reduction  of  gate  fringing  capacitance  in  MOSFET's,  a  higher  maximum 

1 6 1 

oscillation  frequency  can  be  obtained  than  with  similar  MESFET  structures1  '. 

The  results  reported  here  concern  the  electrical  properties  of  anodically  made 
(AGW  process ^  I )  n-channel  GaAs  MOSFETs.  Low  frequency  and  microwave  tests  were  under¬ 
taken  in  order  to  fully  characterize  the  devices  and  prove  their  feasibility  for 
microwave  operation. 


II.  Device  Structure 

The  devices  were  made  on  n-type,  S  doped  VPE  layers  having  thickness  between  0.7 

and  1.5  mobilities  around  4400  cm  V  sec  and  carrier  concentrations  of  the 

17-3  . 

order  of  10  cm  .  The  epitaxial  layers  were  grown  on  Cr-doped  semi-insulating  sub¬ 
strates  with  a  resistivity  larger  than  10/  Rem. 


Institut  f Ur  Hochfrequenztechnik,  Technische  Hochschule  Darmstadt, 
MerckstraGe  25,  61oo  Darmstadt,  G.F.R. 
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A  glycol -tartaric  acid  based  aqueous  solution  was  used  in  order  to  anodically 
oxidise  the  gate  notch  after  the  source  and  drain  ohmic  contacts  were  formed.  The 
device  was  completed  with  conventional  photolithographic  and  lift-off  techniques^ 
and  had  5  um  to  10  urn  long,  300  pm  wide  gate  strips.  The  gate  to  source  (or  drain) 
length  was  10  pm  and  the  channel  depth  underneath  the  oxide  layer  was  of  the  order 
of  1000  8. 

III.  Low  Frequency  Electrical  Characterisation 

Low  frequency  tests  were  undertaken  before  mounting  the  devices  in  order  to  evaluate 

some  of  their  characteristic  parameters  and  assure  proper  operation.  The  output-drain 

characteristics  were  displayed  on  a  Tektronix  curve  tracer  and  the  drain  saturation 

current  (1^  .)  at  zero  gate  voltage  (Vq  =  o)  was  measured  to  be  of  the  order  of  25  to 

50  mA.  A  voltage  of  -3  to  -4  Volts  had  to  be  applied  to  the  gate  of  the  tested  devices 

in  order  to  reduce  the  drain  saturation  current  to  at  least  7  %  of  its  maximum  value, 

while  pinch-off  was  sometimes  impossible  under  weak  illumination  conditions. 

The  source  and  drain  contact  resistances  R$  and  Rd  were  estimated  to  be  about  40  Q 

each  by  measuring  the  drain  resistance  at  the  origin  of  the  1^  ->  Vd  curve.  Here,  the 

assumption  of  R$  =  Rd  was  made  due  to  the  symmetrical  device  properties,  allowing 

almost  identical  operation  when  the  drain  and  source  terminals  were  interchanged.  The 

gate  parasitic  resistance  is  a  function  of  the  gate  geometry  and  metallisation 

technique  employed.  Evaporated  aluminium  was  used  in  order  to  form  the  gate  contacts 

of  the  tested  devices  and  R  was  estimated  to  be  of  the  order  of  3  n. 

9 

The  M0SFET  transconductance  g  was  measured  from  the  Id  -*•  Vds  characteristic  to  be 
in  the  best  case  as  high  as  7.2  mS,  while  an  increase  of  gate  voltage  by  2  V  was  found 
to  reduce  g^  by  at  least  15  %.  These  data  demonstrate  reasonably  high  transconductance 
per  unit  gate  length  values  in  the  range  of  36  mS/mm. 

Finally  the  magnitude  of  intrinsic  output  conductance  Gds  was  estimated  by  measuring 
the  drain  to  source  external  conductance  from  the  Id  ->  Vd$  characteristics.  By  con¬ 
sidering  the  already  evaluated  Rg  and  g^  values,  it  was  found  that  Gds  =  2.8  mS. 

IV.  Microwave  Device  Characteristics  * 

The  equivalent  circuit  of  a  GaA?  M0SFET  is  shown  in  Fig.  1.  Its  derivation  is  based 

upon  simple  lumped  modelling  considerations  for  M0S  Fiel d-Effect-Transistors ^ I  and  is 

valid  in  a  limited  frequency  range  only.  Some  of  its  parameters,  namely  Rs,  Rd,  R^, 

Gds  and  gmQ  can  be  evaluated  by  low  frequency  measurements  as  described  in  Section  III. 

Others,  however,  such  as  C  ,  C,  ,  R  and  g  need  previous  microwave  characterisation 
*  gs’  dg*  gs  sm  r 

of  the  device  in  order  to  be  calculated. 

A  special  test  fixture  witli  50  ft  microstrip  lines  on  alumina  substrates  was 
fabricated  and  the  transistors  were  mounted  on  an  adjustable  ground  stab  as  shown  in 
Fig.  2.  Pressure  contacts  to  the  device  were  achieved  by  gold  springs  for  easy  removal. 
The  devices  were  all  tested  in  the  common  source  configuration. 


A 
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First  the  MOSFET  small  signal  S-parameters  were  measured  with  an  HP  8410  A  Network 
Analyser  combined  with  an  automatic  S-parameter  test-set  (HP  8745  A).  The  latter  in¬ 
strument  provides  the  facility  for  internal  transistor  biasing  in  the  0.1  to  2.0  GHz 
frequency  range.  The  internal  losses  of  the  test  circuit  were  taken  into  consideration 
by  carefully  calibrating  it  with  a  small  GaAs  slice  inserted  in  the  place  where  the 
transistor  was  subsequently  mounted.  The  upper  and  lower  surfaces  of  the  calibration 
standard  were  both  metallised  with  a  Au/Ge  alloy  and  contact  to  the  upper  face  was 
made  only  with  the  gate  and  drain- springs.  The  source  spring  was  left  to  contact  a 
bare  section  of  the  same  semiconductor  surface  since  its  other  end  provided  a  dc  return 
by  connection  to  an  adjustable-length  short  terminated  line.  A  typical  set  of  measured 
S-parameters  is  given  in  Fig.  3.  The  transfer  parameter  S^2  describing  the  reverse 
power  gain  characteristics  of  the  transistor  was  found  to  be  by  at  least  8  db  smaller 
than  the  forward  parameter  S2j.  No  error  correction  due  to  internal  circuit  reflections 
was  made  as  a  first  simple  approach  to  the  microwave  characterisation  of  the  transistor. 
The  measured  driving  point  parameters  S^,  S22  and  the  transfer  terms  S12,  S21  were 
used  in  order  to  evaluate  the  elements  Cgs,  and  Rgs  of  the  equivalent  circuit  of 
Fig.  1.  This  was  achieved  by  expressing  the  S-parameters  in  terms  of  the  lumped 
elements  as  outlined  by  Fischer^L  The  obtained  values  are  listed  in  Table  1  together 
with  the  remaining  MOSFET  parameters. 

Gain  measurements  were  made  with  the  input  and  output  of  the  devices  simultaneously 
conjugately  matched.  The  tuners  available  for  our  investigations  were  unfortunately  of 
the  conventional  matching  stub  type  and  consequently  dc-biasing  networks  had  to  be 
provided  between  the  tuning  elements  and  the  device.  These  resulted  in  increased  losses 
and  complicated  to  analyse  input/output  transistor  reflection  characteristics.  The 
Maximum  Available  Gain  (MAG)  of  the  tested  transistors  is  plotted  in  Fig.  4  versus 
the  operating  frequency  for  VDS  "  4  v»  vqs  =  -1  V.  The  gate  voltage  was  found  to 
contribute  marginally  only  to  the  power  gain,  its  effect  never  exceeding  1  dB.  The 
maximum  oscillation  frequency  is  seen  to  be  of  the  order  of  4.8  GHz  with  the  transistor 
being  unconditionally  stable  (k  >  1)  outside  the  measuring  frequency  range.  A  gain  of 
14  dB  v/as  measured  at  2  GHz  inspite  of  the  estimated  in  Section  III  relatively  large 
source  resistance. 

An  investigation  of  the  frequency  dispersion  of  the  transconductance  was  possible 
with  the  aid  of  a  Rhode  &  Schwarz  USVH  Selective  Microvoltmeter  connected  to  the  drain 
output  of  a  simple  test  circuit.  The  magnitude  of  transconductance  g  is  plotted  in 
Fig.  5  over  the  frequency  range  of  20  Hz  to  10  MHz.  In  contrast  with  other  reported 
results^  on  GaAs  MOSFETs,  the  transistors  showed  a  transconductance  value  gm  of  the 
order  of  11  mS  which  remains  relatively  constant  for  operational  frequencies  as  low  as 
800  Hz.  Below  this  frequency,  the  transconductance  is  seen  to  fall  rapidly  and  is 
probably  due  to  interactions  with  traps  at  the  oxide-GaAs  interface. 
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V.  Conclusions 

GaAs  MOSFETs  made  on  n-type  epitaxial  layers  with  the  use  of  wet  anodic  oxidation 
techniques  were  tested  at  low  and  high  frequencies  in  view  of  establishing  a  characteri¬ 
sation  procedure  suitable  to  evaluate  the  transistor  performance .  In  spite  of  the  fact 
that  the  tested  devices  were  not  optimised  for  microwave  use,  they  demonstrated  useful 
features  such  as  satisfactory  power  gain,  maximum  oscillation  freequency  and  trans¬ 
conductance  figures.  With  these  promising  charac ter i sties  and  the  advantages  of  incorpo¬ 
rating  an  insulator  layer  for  gate  protection  and  reducing  gate  edge  parasitic  effects, 
the  future  of  GaAs  MOSFETs  looks  promising  under  the  condition  of  further  improvements 
in  the  degree  of  sophistication  and  effectiveness  of  surface  passivation  techniques 
for  III  -  V  compounds. 
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Invited  paper 

Anodic  oxides  on  GaAs 

IV.  Thin  anodic  oxides  on  GaAs 

B.  BAYRAKTAROGLUf  and  H.  L.  HAItTNAGELf 

As  the  anodic  oxides  produced  on  GaAs  become  thinner,  the  highly  resistive  nature 
of  the  oxides  changes  rapidly,  allowing  large  leakage  or  tunnelling  currents  through 
the  oxide  without,  however,  permanently  changing  t he  original  properties  of  the 
oxide  layer.  A  considerable  deviation  from  ideal  insulator  properties  was  observed 
with  native  oxides  thinner  than  about  200  A,  and  with  anodic  ALOj,  thinner  than 
100  A.  In  tho  reverse  bias  conditions,  MOS  structures  employing  very  thin  oxides 
(<100  A)  can  allow  leakage  currents  of  a  few  A  cm-2  with  non-dcstructivc  w  hite 
light  emission.  By  limiting  the  minority  carrier  leakage  currents,  inversion  changes 
cun  bo  made  to  accumulate  near  the  GaAs  surface  and  with  such  thin  oxide  GaAs 
MOS  structures,  light-enhanced  currents  were  observed  with  large  enhancement 
factors. 


1.  Introduction 

One  of  the  important  basic  parameters  involved  in  the  design  of  field- 
effect  devices  employing  MOS  structures  is  the  thickness  of  the  oxide  layer 
used.  For  the  purpose  of  enhancing  the  field  effects  in  the  semiconductor, 
the  oxide  thickness  should  be  as  thin  as  possible.  For  example,  the  trans- 
conduetanee  of  a  MOSFET  is  an  inverse  function  of  the  oxide  thickness. 
However,  as  the  oxide  layer  becomes  thinner,  leakage  currents  through  the 
oxide  increase  rapidly,  with  detrimental  effects  on  the  space  charge  in  the 
semiconductor  by  the  creation  of  non-equilibrium  conditions.  The  optimum 
oxide  thickness  that  can  be  employed  in  a  field-effect  device  depends  on  the 
physical  properties  of  the  oxide  layer.  It  is  therefore  necessary,  from  a 
device  application  point  of  view,  to  know  the  electrical  properties  of  very 
thin  oxides  as  well  as  the  thicker  ones. 

This  paper  reports  an  investigation  of  the  electrical  properties  of  thin 
(  <  300  A)  anodic  oxides  grown  on  GaAs,  using  I-  V  and  C-  V  curves. 

2.  Initial  considerations 

The  thin  oxide  layers  described  in  this  paper  are  anodically  grown  native 
or  composite  (a  mixture  of  A1>03  and  native  oxides)  oxides  on  GaAs.  The 
minimum  thickness  of  oxide  layer  that  can  be  produced  on  the  GaAs  surface 
is  restricted  by  the  initial  growth  phase  of  anodization  in  the  case  of  native 
oxides  (Bayraktaroglu  and  Hartnagel  1978  a)  and  by  the  uniformity  of  the 
evaporated  AI  films  in  the  case  of  AL03  (Bayraktaroglu  and  Hartnagel 
1978  b)  or  other  composite  oxides.  It  must  be  kept  in  mind  that  a  thin 
layer  of  native  natural  oxide  is  usually  present  on  GaAs  exposed  to  an  oxygen- 
containing  atmosphere,  and  can  thus  be  expected  to  occur  between  A1203 
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and  GaAs  unless  special  precautions  are  taken.  When  native  oxide  layers 
are  grown  alone  in  electrolytes  A  and  15  (Hayraktaroglu  and  Hartnagel 
1978  a,  h),  the  mininiuin  thickness  of  the  oxides  can  be  as  low  as  11  A, 
provided  the  anodic  current  density  is  carefully  controlled  (Bayraktaroglu 
and  Hartnagel  1978  a).  The  minimum  thickness  of  AUO-,  that  can  be  grown 
on  GaAs,  on  the  other  hand,  depends  very  much  on  the  surface  roughness  of 
the  GaAs  substrate.  Assuming  that  the  surface  is  free  from  scratches  and 
contamination,  a  minimum  of  50  A  of  evaporated  Al  film  leads  to  the  produc¬ 
tion  of  satisfactorily  uniform  75-80  A  thick  A120:,  layers. 

The  uniformity  of  thin  oxide  films  was  judged  by  their  electrical  breakdown 
strengths.  For  this  purpose,  MOS  structures  were  produced  by  evaporating 
Al  field  plates,  2000  A  thick,  over  the  oxide  layers  grown  on  heavily  doped 
GaAs  (AT„  —  Ata  S  2  x  1018  cm-3)  with  typical  field  plate  areas  of  10~3em2, 
and  the  electrical  breakdown  strengths  were  tested  under  forward  bias  condi¬ 
tions.  Oxide  layers  were  considered  uniform  if  their  breakdown  strengths 
were  larger  than  2  x  106  V  cm-1  for  native  oxide  and  5  x  10®  V  cm-1  for  A1203 
layers. 

2.1.  The  growth  of  thin  native  oxides 

The  results  of  Breeze  el  al.  (1978)  and  Chang  et  al.  (1977)  show  conclusively 
that  when  GaAs  is  anodized  for  example  in  electrolyte  B  or  conductivity- 
adjusted  water,  there  sometimes  exists  near  its  surface  a  region  of  the  oxide, 
100-200  A  wide,  with  As  deficiency,  whereas  there  is  always  a  non-oxidized 
As  region  in  the  oxide  near  the  GaAs-oxide  interface  about  200  A  in  width. 
If  a  very  thin  oxide  layer  is  grown,  say  200  A  thick,  it  is  conceivable  that 
these  two  regions  overlap  to  produce  nearly  stoichiometric  oxides. 

The  following  procedure  was  employed  to  produce  thin  native  oxides  on 
GaAs.  First,  a  thick  layer  of  native  oxide  ( ~  2000  A )  was  grown  and  sub¬ 
sequently  etched  in  XH4OH.  Then,  by  a  second  anodization,  a  20-300  A 
thick  native  oxide  layer  was  regrown.  A  procedure  similar  to  that  described 
above  was  employed  by  Chang  1 1  al.  (1977)  to  produce  stoichiometric  GaAs 
surfaces.  They  showed,  with  the  aid  of  Auger  electron  spectroscopy,  that  on 
removing  the  regrown  thin  native  oxide  layer  with  ammonium  hydroxide  the 
ratio  of  As  to  Ga  at  the  GaAs  surface  becomes  unity. 

The  thicknesses  of  the  native  oxide  layers  were  estimated  from  the  over- 
potential  rise  of  V-t  curves  plotted  continuously  during  anodization 
(Bayraktaroglu  and  Hartnagel  1978  a). 

2.2.  The  growth  of  thin  Alt03  layers 

Since  the  techniques  for  growing  thin  AI20:t  (and  composite  oxide)  layers 
arc  similar  to  those  for  growing  thicker  layers  (Bayraktaroglu  and  Hartnagel 
1978  b),  only  a  brief  account  of  these  techniques  are  given  here. 

Prior  to  the  Al  evaporation,  at  least  1  pm  of  GaAs  was  removed  from  its 
surface  with  the  pre-evaporation  ctchantt.  Al  was  evaporated  in  a  conven¬ 
tional  vacuum  system  at  a  residual  pressure  of  10'®torr,  or  less  at  a  rate  of 

t  Pre-evaporation  etchant :  A,  4%  H204  by  volume  ;  B,  2%  XaOH  by  weight. 
A  :  B  =  1  :  1. 
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100  A  min-1.  All  A1,03  layers  investigated  hero  were  produced  using  an 
anodic  current  density  of  70-100  pA  cm-2,  which  gives  an  AL03  growth  rate 
of  20-30  A  min-1.  At  higher  current  densities  the  controllability  of  the 
A1203  thickness  becomes  reduced. 

The  oxide  thicknesses  can  conveniently  be  estimated  from  the  over- 
potential  rise  during  anodization,  provided  the  thickness-overpotential  ratios 
of  both  A1203  and  native  oxides  are  known.  Typical  overpotential-tiine 
( V— /)  curves  plotted  during  the  anodization  of  a  thin  layer  of  A1  on  lightly 
doped  n-type  Ga As  is  shown  in  Fig.  1.  In  the  dark,  after  almost  all  A1  is 


Figure  1.  Overpotential-time  (T’-t)  curves  obtained  during  the  anodization  of  thin 
A!  layers  on  GaAs,  both  in  the  dark  and  in  light.  A’p  — -VA  =  101*  cm-*, 
A1  thickness  ~  100  A.  Ira  =  Overpotential  across  A1.,03.  Fd  =  Voltage  drop 
in  the  space-charge  layer  of  GaAs.  1'0  =  Overpotential  across  the  native  oxide. 

converted  into  A1,03  a  change  in  the  space-charge  layer  occurs  in  GaAs 
(Bayraktaroglu  and  Hartnagel  1978  b)  which  is  detected  as  a  sharp  rise  in 
the  V-t  curves.  Further  anodization  produces  a  native  oxide  layer  whose 
thickness  can  again  be  estimated  from  the  same  V-t  curve  as  the  overpotential 
rise  after  the  sharp  rise.  In  light,  the  anodization  of  A1  is  similar  to  that 
observed  in  the  dark  ;  however,  as  most  of  the  A!  layer  is  converted  into 
A1203,  the  highly  reflective  nature  of  A1  becomes  replaced  by  almost  trans¬ 
parent  A1203  and  the  small  space-charge  layer  in  GaAs  due  to  the  presence  of 
A1  disappears.  During  the  period  when  native  oxides  form,  photo-generated 
electrons  in  n-type  materials  drift  into  the  GaAs  bulk,  whereas  holes  are  used 
to  prevent  a  space-charge  layer  from  growing  near  the  GaAs  interface 
(Baytaktaroglu  and  Hartnagel  1978  a)  and,  therefore,  unlike  anodization  in 
the  dark,  a  large  space-charge  region  does  not  form. 

Due  to  the  large  number  of  holes  in  p-type  GaAs,  such  space-charge  effects 
are  not  observed  on  anodizing  AI  on  p-type  GaAs.  The  effect  of  light  is 
therefore  minimal,  and  the  only  way  of  determining  when  the  native  GaAs 
oxide  starts  to  grow  is  by  observing  the  change  in  the  slope  of  the  V-t  curves. 

3.  Non-equilibrium  conditions 
3.1.  Thin  native  oxide  MOS  diodes 

GaAs  MOS  diodes  with  very  thin  anodic  native  oxides  (20-300  A)  show 
leakage  currents  that  are  sufficiently  high  for  non-equilibrium  conditions  to 
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develop.  When  the  oxide  thickness  is  typically  less  than  100  A,  an  MOS 
diode  virtually  acts  as  a  Schott ky  diode  with  a  forward  threshold  field  of 
~  2  x  10fi  V  cm-1.  Under  reverse  bias  conditions  the  applied  bias  is  absorbed 
almost  entirely  across  the  depletion  layer  formed  in  GaAs.  This  is  demons¬ 
trated  in  Fig.  2  by  the  behaviour  of  the  1-V  and  C-V  curves  of  a  typical 
MOS  diode  with  100  A  of  native  oxide. 


in 
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Figure  2.  C-V  and  1-V  characteristics  of  thin-film  MOS  diodes.  The  oxide  thick¬ 
ness  ~  100  A. 


C-V  measurements  were  made  in  the  steady -state  condition,  point -by- 
point  with  a  capacitance  bridge  (Boonton  Electronics,  Model  75C) ;  1-V 
measurements  were  obtained  with  the  aid  of  a  curve  tracer. 

Figure  2  shows  that  under  reverse  bias  conditions  the  capacitance  of  the 
diode  decreases  continuously,  and  virtually  no  inversion  charges  build  up 
underneath  the  oxide  layer.  All  inversion  charges  are  therefore  thought  to 
leak  through  the  oxide.  Since  almost  all  the  bias  applied  goes  to  create  a 
depletion  layer  in  GaAs,  the  metal  Fermi  level  becomes  fixed  with  respect  to 
the  conduction  band  edge  of  GaAs  with  a  minimal  voltage  drop  across  the 
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oxide.  As  the  reverse  bias  is  increased,  the  depletion  layer  widens  to  support 
the  extra  voltage,  decreasin''  the  diode  capacitance. 

The  behaviour  of  the  /  I’  curves  can  also  he  explained  with  the  above- 
mentioned  model.  Under  forward  bias,  the  diode  can  sustain  a  field  of 
~2x  10s  Vonr1,  lint  at  higher  fields  the  leakage  current  rises  very  sharply 
and  substantial  noise  is  usually  present,  in  this  region.  Should  the  current 
level  reach  the  A  cm  2  range,  the  resistance  of  the  oxide  suddenly  drops. 
When  this  happens  the  forward  characteristics  of  the  diode  change  permanently, 
reducing  the  forward  bias  threshold  voltage  to  O-o-O-ti  V,  regardless  of  the 
oxide  thickness. 

Under  reverse  bias  conditions,  the  leakage  current  of  diodes  produced  on 
n-type  GaAs  (Xv  -  *VA  =  It)15  cm~3)  with  A1  field  plates  is  less  than  10~5  A  cm-2 
(the  sensitivity  of  the  measuring  system  employed)  up  to  about  —15  V,  and 
is  independent  of  the  oxide  thickness  in  the  range  20-100  A.  At  this  point 
a  reproducible  a-type  negative  resistance  is  observed  and  the  current  starts 
to  increase  rapidly  in  a  linear  fashion.  This  instability  is  also  seen  on  reducing 
the  voltage.  The  critical  reverse  bias  which  causes  a  sudden  increase  in  the 
diode  current  depends  not  only  on  the  GaAs  doping,  but  also  on  the  field 
plates  used.  Figure  3  shows  the  1-V  characteristics  of  reverse-biased  MOS 
structures  with  different  GaAs  doping  and  different  field  plates.  Some 
measurements  were  also  taken  at  77  K. 
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Figure  3.  I-V  characteristics  of  typical  anodic  oxide  MOS  structures  produced  on 
n-type  GaAs  with  different  top  metal  contacts  at  two  test  temperatures. 
The  oxide  thickness  ~ 50  A ,  estimated  from  I’-t  curves. 


The  temporal  lire  dependence  of  the  reverse  bias  current  is  consistent  with 
the  avalanche  multiplication  process  in  GaAs.  However,  since  the  current  is 
higher  with  field  plates  having  low  work  functions  than  with  those  having 
high  ones,  at  the  same  bias  values,  the  whole  current  due  to  avalanche  multi¬ 
plication  in  the  GaAs  depletion  layer  is  not  likely  to  be  the  only  source  of 
current  measured.  MOS  diodes  produced  on  p-type  GaAs,  on  the  other  hand, 
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show  higher  leakage  currents  with  field  plates  having  larger  work  functions. 
Non  destructive  white  light  emission  was  also  observed  when  the  diode  current 
is  larger  than  about  1  A  enr  Details  of  this  observation  are  reported 
elsewhere  (llayraktaroglu  and  Hartnagel  197$  c). 

If  the  thickness  of  the  native  oxide  is  greater  than  1.50  A.  the  above- 
mentioned  properties  of  MON  diodes  partially  disappear.  Typical  C-V  and 
1-V  curves  of  GaAs  MOS  diodes  with  a  native  oxide  layer  about  300  A  thick 
are  shown  in  Fig.  4.  In  the  reverse  bias,  at  moderate  fields  (~10®  V  cm-1) 


Figure  4.  C-V  and  1-V  characteristics  of  thin-film  MOS  diodes.  The  oxide  thick¬ 
ness  ~300  A. 


an  inversion  layer  forms  and  the  capacitance  of  the  diode  becomes  fixed  at 
Cm|n.  At  higher  fields,  typically  greater  than  2  x  !o6  V  cm~l,  the  capacitance 
decreases  further  and  eventually  joins  the  deep  depletion  curve.  Increasing 
the  light  intensity  has  two  effects  on  the  capacitance. 

(1)  Cm |n  increases  due  to  the  reduction  in  the  depletion  layer  width. 

Since  extra  minority  carriers  are  created  by  the  incident  light,  a 
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narrower  depletion  layer  underneath  the  inversion  region  is  required 
to  create  the  same  amount  of  inversion  charges  (l’ierrct  and  Sail  1070). 

(2)  Departures  from  the  quasi-equilibrium  occur  at  higher  voltages.  This 
is  again  due  to  the  creation  of  extra  minority  carriers  w  hich  counter¬ 
balances  some  of  the  leakage  currents,  thereby  sustaining  the  inversion 
layer  at  higher  voltages. 

Regardless  of  the  light  conditions  and  the  test  frequencies,  the  C- 1*  curves 
all  join  up  with  the  deep  depletion  curve  at  high  field  values  (typically  at 
4  x  10°  V  cm-1). 

The  1-V  curve  shown  in  Rig.  4  is  the  same,  in  principle,  as  that  shown  in 
Fig.  2  under  forward  bias  conditions.  For  fields  larger  than  2x  10*  V  cm-1, 
a  permanent  change  occurs  in  the  oxide  resistivity,  as  before.  In  the  reverse 
direction  the  leakage  current  is  less  than  10-5  A  cm-2  for  field  values  less 
than  2x  10*  V  cm-1,  but  increases  slightly  at  higher  fields  depending  on  the 
oxide  thickness  and  the  light  conditions. 

A  comparison  of  the  C-V  and  1-V  curves  shows  clearly  that  when  the 
reverse  bios  leakage  current  through  the  oxide  begins  to  increase  substantially, 
i.e.  at  about  —6-0  V,  a  departure  from  the  quasi-equilibrium  conditions  occurs 
and  the  capacitance  of  the  diode  begins  to  decrease  below  its  Cmin  value. 

So  far  we  have  considered  either  very  thin  oxides,  i.e.  $  100  A,  for  which 
the  leakage  of  the  minority  carriers  is  high,  or  relatively  thick  oxides,  i.e. 
~300  A,  for  which  an  accumulation  of  the  inversion  charges  take  place.  An 
interesting  case  arises  if  the  thickness  of  the  oxide  is  between  these  two 
values.  For  example,  150  A  of  oxide  is  normally  thick  enough  to  accumulate 
some  inversion  charges  but  is  also  thin  enough  to  allow  tunnelling  to  take 
place.  Using  oxides  of  these  intermediate  thicknesses,  it  was  found  that  the 
reverse  bias  leakage  current  can  be  enhanced  with  the  aid  of  light.  A  plot  of 
the  current  versus  the  negative  bias  voltage  is  shown  in  Fig.  5  for  an  MIS 
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Figure  5.  Reverse-bias  I—V  characteristics  of  thin-film  MOS  diodes  in  light  and 
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diode  with  a  native  oxide  about  150  A  thick.  These  currents  are  much 
higher  than  expected  from  the  extra  electron- hole  pair  generation  with  light 
in  the  depletion  layer  of  the  (la As,  since  currents  of  this  magnitude  are  not 
observed,  either  with  simple  Schott  kv  barrier  diodes  constructed  in  the  same 
dimensions  or  with  MIS  diodes  having  thinner  (  <  100  A)  oxide  layers.  It  is 
also  interesting  to  note  that  these  currents  do  not  start  to  increase  until  the 
reverse  bias  voltage  reaches  a  threshold  value.  Similar  currents  were  observed 
very  strongly  with  thin  A1203,  and  the  origin  of  these  curves  is  discussed  in 
detail  in  §  3.2. 

3.2.  Thin  A l,/)3  MOS  diodes 

Typical  C-V  and  I-V  curves  of  an  MLS  diode  with  a  75  A  thick  AI203 
layer  are  shown  in  Fig.  6.  The  effect  of  the  light  on  the  C-V  curve  is  similar 
to  that  observed  with  thin  GaAs  native  oxide,  i.c.  C'lllin  increases  and  the 


Figure  6.  C-V  and  I-V  characteristics  of  thin-fihn  MIS  diodes  with  ~75  A  A1203 
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departures  from  the  quasi-equilibrium  occur  at  higher  voltages  under  illumina¬ 
tion.  With  the  same  light  intensity  the  shift  in  the  Cmin  values  is  higher 
in  the  present  ease  than  that  observed  with  a  3i>0  A  thick  native  oxide,  as 
seen  in  Fig.  4.  The  I-V  curves  shown  in  Fig.  (i  are  rather  interesting  since 
they  show  very  enhanced  current  levels  in  the  reverse  bias,  with  the  same 
light  intensities  as  used  previously  with  lot)  A  thick  native  oxide.  Under 
forward  bias  conditions  largo  leakage  currents  start  to  flow  at  field  strengths 
of  >  5  x  10°  V  cm-1.  As  long  as  this  current  level  is  kept  within  the  A  cm-2 
range,  the  electrical  properties  of  the  insulator  are  not  changed,  but  at  higher 
values  the  probability  of  permanent  dielectric  breakdown  becomes  higher. 

Figure  0  also  shows  the  effect  of  light  on  the  reverse-bias  currents.  In  the 
dark,  the  leakage  current  is  less  than  10~5  A  enr2  up  to  about  —  15  V,  where 
a  sudden  rise  in  the  current  is  observed.  In  light,  the  current  starts  to  rise 
at  about  -3  V  and  then  tends  to  saturate.  It  is  important  to  note  that 
both  the  saturation  current  level  and  the  voltage  at  which  the  saturation 
starts  to  occur  increase  with  the  light  intensity.  The  current  saturation 
level  under  similar  illumination  drops  sharply  as  the  A1203  layer  is  increased 
above  100  A. 

Clarke  and  Shewchun  (1971)  have  reported  similar  light-enhanced  currents 
with  a  30  A  thick  Si02  layer  on  Si.  An  explanation  of  this  phenomenon 
given  by  Green  and  Shewchun  (1974)  was  used  as  the  basis  for  the  analysis 
of  the  present  situation. 

In  the  dark,  it  is  assumed  that  the  leakage  current  is  larger  than  the 
generation  rate  of  the  minority  carriers,  therefore  no  inversion  layer  charges 
can  uuild  up  near  the  surface.  Under  these  conditions  the  Fermi  level  of 
the  metal  is  pinned  with  respect  to  the  conduction  band  edge  of  the  GaAs 
and  most  of  the  applied  bias  occurs  across  the  depletion  layer  formed  in  the 
GaAs.  However,  if,  with  the  aid  of  light,  the  generation  rate  of  the  minority 
carriers  can  be  made  larger  than  the  leakage  current,  an  inversion  layer  forms 
and  the  depletion  layer  width  becomes  fixed.  Any  further  bias  produces  a 
voltage  drop  across  the  oxide,  moving  the  Fermi  level  of  the  metal  up  with 
respect  to  the  GaAs  conduction  band  edge.  A  point  will  be  reached  at  which 
the  metal  Fermi  level  is  in  line  with  the  conduction  band  edge,  and  the  proba¬ 
bility  of  majority  carrier  tunnelling  from  the  metal  to  the  conduction  band 
of  the  GaAs  increases.  The  magnitude  of  this  tunnelling  current  depends 
strongly  on  the  voltage  drop  in  the  insulator,  which  is  a  function  of  the  degree 
of  inversion  at  the  surface.  However,  as  the  degree  of  inversion  depends  on 
the  balance  between  the  minority  carrier  generation  rate  and  the  leakage 
current,  it  is  possible  under  certain  circumstances  to  induce  majority  carrier 
tunnelling  currents  by  illumination.  It  is  also  reasonable  to  suggest  that, 
for  MOS  structures  produced  on  n-tvpe  GaAs,  with  the  same  oxide  voltage, 
the  position  of  the  metal  Fermi  level  will  be  higher  when  field  plates  with 
lower  work  functions  arc  used.  Figure  7  summarizes  the  mechanism  of 
light -enhanced  currents  observed  with  GaAs  MOS  (or  MAOS)  diodes. 

It  was  shown  by  Green  and  Shewchun  (1974)  and  by  Shewchun  and  Clarke 
(1973)  that  by  choosing  the  right  device  parameters,  the  above-mentioned 
mechanism  can  increase  the  current  by  a  factor  of  1  to  103  for  the  Si-Si02- 
metal  system.  A  simple  comparison  of  the  I-V  characteristics  of  an  MIS 
diode  such  as  the  one  shown  in  Fig.  0,  and  a  Schottky  diode  produced  in 
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Figure  7.  A  proposed  model  lor  the  current  multiplication  observed  with  thin-film 

MIS  diodes  on  GaAs. 


exactly  the  same  way  as  the  MOS  structure  but  without  the  A1.,03  layer  (which 
gives  a  leakage  current  of  <  10~5  A  cm-2  in  bright  light  conditions),  shows 
that  with  75  A  of  A1203  a  current  enhancement  of  >  103  is  possible.  Similarly, 
from  Fig.  5  an  enhancement  factor  of  20  can  be  derived  for  the  MIS  diodes 
with  150  A  of  native  oxides. 

4.  Device  applications 

It  was  demonstrated  above  that  both  the  GaAs  native  oxide  and  the  AI203 
can  be  produced  uniformly  over  the  GaAs,  even  when  they  are  less  than 
100  A  thick.  The  electrical  properties  of  these  oxides  are  not  very  different 
from  what  is  observed  with  thicker  ones  before  the  onset  of  non-equilibrium 
conditions.  Thin  native  oxide  and  A1.,03  films  were  found  to  withstand 
fields  up  to  2  x10s  and  5x  10®  V  cm-1  respectively.  Also,  with  appropriate 
thicknesses  a  build-up  of  inversion  charge  near  t he  surface  was  observed.  In 
this  respect  one  of  the  main  uses  of  such  thin  oxides  will  be  in  manufacturing 
MOSFETs  with  high  transconductances. 

Since  it  is  possible  to  obtain  light -enhanced  currents  with  thin  oxide  MOS 
structures  (especially  with  thin  AI203),  such  devices  can  be  used  as  photo¬ 
sensors.  The  test  devices  employed  in  §  3  always  had  2000  A  of  A1  pads  as 
the  top  contact  which  is,  of  course,  highly  reflecting.  Incident  light  changed 
the  MOS  characteristics  of  these  devices  by  creating  electron-hole  pairs  only 
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around  the  edge  region  of  the  depletion  layer.  By  using  much  thinner  luyers 
of  metal,  e.g.  50  A  of  An,  which  is  practically  transparent  to  the  light,  higher 
efficiencies  may  be  possible. 

If  the  minority  carriers  are  supplied  to  the  GaAs  surface  region  of  these 
reverse-biased  thin  oxide  .MOS  diodes  by  means  of,  say,  a  second  similar,  but 
forward-biased,  diode,  transistor  action  is  possible.  The  possibility  of  such 
a  transistor,  which  is  called  the  surface  oxide  transistor,  was  demonstrated  by 
Shewchun  and  Clarke  (1973)  with  30  A  thick  Si02  on  Si. 

5.  Conclusions 

In  conclusion  it  can  be  said  that,  due  to  its  lower  leakage  currents  and 
higher  electrical  field  strengths,  a  higher  degree  of  inversion  on  the  GaAs  is 
possible  with  A1203  than  with  a  native  oxide  of  the  same  thickness.  It  is 
important  to  note  that  thin  anodic  oxides  on  GaAs  ( <  100  A)  do  not  change 
their  electrical  properties  until  a  leakage  current  density  of  several  A  cm-* 
is  reached.  Finally,  a  current  enhancement  process  is  possible  with  very 
thin  A1j03  layers  on  GaAs. 
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Our  present  understanding  of  the  factors  which  affect  the  growth  and 
properties  of  the  anodic  oxides  of  GaAs  is  reviewed.  The  various  parameters  which 
affect  film  composition  are  discussed  and  some  new  data  from  studies  by  electron 
spectroscopy  for  chemical  analysis  are  given.  An  anodic  growth  mechanism  is 
postulated  which  involves  the  interstitial  ion  drift  of  gallium  and  arsenic  ions  and  a 
vacancy  transport  mechanism  for  oxygen.  Experimental  evidence  in  support  of  this 
is  discussed.  A  brief  review  of  the  electrical  properties  of  GaAs  anodic  native  oxides 
is  given.  Areas  in  which  further  work  is  required  are  outlined. 


I.  INTRODUCTION 

Since  work  was  first  started  to  find  a  suitable  dielectric  for  the  production  of 
MIS  devices  on  GaAs,  a  variety  of  materials  and  techniques  have  been  investigated 
including  the  deposition  of  SiO,.  AI,Oj  and  SiO^N,  1-\  thermal  oxidation4  5. 
anodic  oxidation4’-9  and  plasma  oxidation10.  Thermally  grown  native  oxides  on 
GaAs  have  been  found  to  be  composed  almost  entirely  of  Ga,0  3 1  ow  ing  to  the  high 
volatility  of  ASjOj,  although  recent  work  on  thermal  oxidation  under  a  controlled 
As,C>3  vapour  pressure  has  shown  improved  results’ '. 

The  difficulties  due  to  the  loss  of  As2Oj  and  arsenic  at  elevated  temperatures 
stimulated  interest  in  finding  a  suitable  low  temperature  technique.  One  technique 
which  has  shown  promise  is  that  of  anodic  oxidation.  Initial  results6,1  obtained 
using  this  method  of  oxidation  were  not  very  good,  yielding  non-uniform  films  w  ith 
poor  electrical  characteristics.  However,  more  recent  results6,9  obtained  after 
optimization  of  the  growth  parameters  and  of  the  electrolyte  have  shown  that  it  is 
possible  to  grow  uniform  native  oxide  films  with  high  resistivity  and  good  dielectric 
breakdown  strength.  These  results  have  been  shown  to  be  extremely  reproducible, 
and  the  method  allows  easy  control  of  the  oxide  thickness  and  is  very  simple  to  use. 

More  recently  native  oxide  films  have  been  produced  using  plasma  oxidation  in 
various  forms;  some  of  these  methods  are  essentially  anodic  oxidation  carried  out  in 
the  gas  phase.  However,  the  films  grown  in  this  way  appear  to  have  somewhat  higher 
d.c.  leakage  currents  than  films  grown  in  solution. 

In  this  paper  we  look  at  the  properties  of  native  oxides  of  GaAs  formed 
anodically,  assessing  the  results  of  the  anodization  technique  used  and  indicating 
those  areas  in  which  further  work  is  required 
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2.  ANODIC  OXIDATION  TICIINiyt'l 

The  growth  of  a  native  oxide  film  on  GaAs  by  anodic  oxidation  iscarried  out  by 
polarizing  the  GaAs  sample  positively  with  respect  to  an  inert  electrode  such  as 
platinum  in  a  suitable  electrolyte.  The  important  parameters  which  must  be 
controlled  are  the  current,  the  overvoltage  and  the  electrolyte  composition.  The 
experimental  apparatus  used  to  carry  out  anodization  has  been  described  in  detail 
by  Hascgawa  and  Hartnagcl9. 

Growth  may  be  carried  out  under  either  constant-current  conditions  or 
constant-voltagcconditionsfor  a  combi  nation  of  the  two)19.  However,  growth  under 
constant-current  conditions  has  the  following  advantages  over  the  other  regimes. 

(i)  The  film  growth  occurs  at  a  constant  rate  which  may  be  controlled  by 
varying  the  constant  current  employed. 

(ii)  The  thickness  of  the  growing  film  may  be  monitored  by  monitoring  the 
voltage  developed  across  the  oxide.  The  thickness-overvoltage  characteristics  of 
anodic  oxides  are  extremely  reproducible,  and  once  these  have  been  determined  any 
required  thickness  may  easily  be  obtained.  It  should  be  noted,  however,  that  the 
thickness-overvoltage  characteristic  varies  with  current  density  and  so  must  be 
determined  for  the  particular  current  density  employed,  once  this  has  been 
optimized. 

The  composition  of  the  electroly  te  plays  an  important  role  in  determining  the 
reproducibility  of  anodic  oxidation  and  also  the  properties  of  the  oxide  film.  A  great 
variety  of  electrolytes  have  been  employed,  but  very  reproducible  results  have  been 
obtained9  with  mixed  aqueous  glycol  electroly  tes.  The  role  of  the  gly  col  seems  to  be 
to  limit  the  diffusion  rate  of  ions  in  the  electrolyte.  Many  electroly  tes  etch  the  native 
oxide  at  a  low  rate  w  hich  is  dependent  on  such  parameters  as  concentration.  pH  and 
temperature.  The  glycol  seems  to  reduce  the  diffusion  rate  of  the  dissolution 
products  away  from  the  oxide  surface  and  thus  to  make  the  anodic  oxidation  less 
sensitive  to  any  pH  or  concentration  changes;  it  also  reduces  the  rate  of  dissolution. 
In  addition  the  glycol  will  probably  affect  the  transport  of  the  oxidizing  agent  to  the 
oxide  surface  but  since  this  agent  appears  to  be  water1*  whose  concentration  is  very 
high  the  effect  is  expected  to  be  much  less  significant.  We  have  measured  an 
activation  energy  of  5  kcal  mol*  1  for  the  dissolution  process  in  a  mixed  glycol- 
tartaric  acid  solution  which  is  consistent  with  the  proposal  that  it  is  diffusion 
controlled. 

3.  ANODIC  FILM  COMPOSITION 

The  composition  of  the  electrolyte  used  also  influences  the  properties  of  the 
anodic  oxide  film.  The  mechanism  involved  during  GaAs  anodization  is  not  well 
understood  at  present  but  some  general  observations  may  be  made. 

It  is  well  known  that  during  the  anodization  of  valve  metals,  particularly 
aluminium,  some  electrolytes  give  rise  to  barrier-type  oxide  films  whereas  other 
electroly  tes  produce  porous  films1  \  It  is  possible  that  the  same  situation  exists  with 
GaAs  anodization,  and  if  so  it  is  important  to  avoid  the  formation  of  porous  films 
since  they  can  be  expected  to  show  poor  electrical  properties  such  as  high  d.c. 
leakage  currents.  However,  the  dividing  line  between  barrier  and  porous  film 
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formation  >s  1101  clc;,r  cul  as  some  barrier-film- Toi  mini!  electrolytes  seem  to  produce 
p,m'„s  films  " lien  tliennodi/ation  conditions  .tie  changed*  V  It  lias  been  observed 14 
m  our  laboratories  that  when  the  anodization  of  GaAs  is  carried  out  in  an  electrolyte 
consisting  of  I  part  of  0.02  M  (NH4)I  I  ,P()4  mived  with  two  parts  of  propan  1.2  diol 
llie  oxide  film,  which  is  initially  of  the  barrier  type,  seems  to  become  porous  when  the 
lilin  thickness  becomes  large.  This  behaviour  is  characterized  by  a  flattening  ofT  of 
the  overvoltage  time  curve  for  constant-current  growth,  and  scanning  electron 
microscopy  photographs  appear  to  show  deep  pores  in  such  films.  The  onset  of  this 
behaviour  appears  to  be  sensitive  to  the  grow  th  current  density,  the  critical  thickness 
becoming  smaller  at  low  growth  current  densities.  This  phenomenon  must  be 
carefully  monitored  to  avoid  porous  film  formation,  and  its  occurrence  might 
account  for  some  of  the  discrepancies  in  the  reported  properties  of  anodic  oxides 
produced  in  different  electrolytes. 

Even  when  electrolytes  are  used  under  barricr-film-forming  conditions, 
variations  in  oxide  composition  have  been  observed.  The  anodic  oxide  surface  seems 
particularly  sensitive  in  this  respect.  Chang  el  u/.is  have  used  Auger  depth  profiling 
techniques  to  study  GaAs  native  oxides  produced  by  anodization  in  dilute  aqueous 
solutions  of  H3P04.  They  observed  a  surface  region  w  hich  was  arsenic  deficient,  the 
gallium-to-arscnic  ratio  at  the  surface  being  about  5.  We  have  used  X-ray 
photoclectron  spectroscopy  (electron  spectroscopy  for  chemical  analysis  (ESCA)) 
combined  with  argon  ion  etching  to  carry  out  similar  studies16.  Samples  of  GaAs 
anodized  in  the  (NH4)H2P04-glycol  electrolyte  under  barrier-film-forming 
conditions  also  exhibited  a  region  close  to  the  surface  which  was  arsenic  deficient. 
However,  in  this  case,  depending  on  the  growth  current  density,  no  arsenic 
w  hatsoever  was  observed  at  the  surface  itself.  The  w  idth  of  the  region  and  the  extent 
of  the  arsenic  deficiency  were  observed  to  vary  w  ith  the  grow  th  current  density,  the 
effect  being  more  pronounced  at  high  current  densities  (0.5  inA  cm'-’l.  In  contrast 
with  this,  samples  grown  in  the  AGW  electrolyte*  (one  part  of  3  vol.°„  tartaric  acid 
solution  mixed  with  two  parts  of  propan  i  .2  diol  i  showed  a  gallium-to-arsenic  ratio 
in  the  oxide  surface  region  that  was  lower  than  that  in  the  bulk  of  the  oxide.  Table  I 
lists  some  gallium-to-arsenic  ratios  at  the  surface  of  native  oxide  films  grown  in 
different  electrolytes. 

The  processes  controlling  the  surface  composition  of  anodic  films  have  not 
been  investigated.  However,  it  seems  most  likely  that  surface  absorption  phenomena 
are  involved,  perhaps  similar  to  those  known  to  affect  the  anodic  dissolution  rate  of 
some  metals'7.  The  equivalent  dissolution  rate  of  the  anodic  oxides  of  GaAs  varies 
with  different  electrolytes.  For  example  the  rate  is  35  pA  cm"2  in  the  AGW 
electrolyte  whereas  in  the (NH4)H,P04- glycol  electrolyte  it  is  less  than  1  pA  cm"2. 
Since  the  dissolution  process  is  also  a  surface  phenomenon  it  may  be  possible  to 
relate  the  surface  composition  to  the  equivalent  dissolution  rate. 

However,  regarding  the  surface  composition,  since  the  gate  contact  for  a  metal- 
oxide-  semiconductor  ( MOS)  dev  ice  is  placed  on  the  oxide  surface,  it  is  important  to 
establish  whether  or  not  it  influences  the  device  behaviour,  and  more  work  is 
required  in  this  area. 

The  gallium-to-arsenic  ratio  in  the  bulk  of  the  oxide  film  shows  some  variation 
with  electrolyte  composition  (sec  Table  I)  and  variations  have  also  been  noted1® 
from  determinations  made  on  similar  oxides  using  different  techniques.  Chang  et 
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TABU-:  I 

Till  <MI  I  It  MIOAKSINIC  RAT  IOS  AT  Till  SI  HI  A(l  AM)  IN  Till  HUI  k  1)1  ANODIC  0X11)1  S  ON  OAllll'M 
ARSI  NIDI  GROWN  I'NDIR  1)1111  HI  N'T  <  ON’DI  1  IONS 


Gallium- to- or  senu 
ratio  ai  or  near  I  he 
oxide  surjace 

Galhum-to-ar  sain 
ratio  in  the  oxide  bulk 

Llectrol) le.  xruw  th  conditions 

Reference 

33 

1.8 

<NH4)H,P04  glycol. 

500  nA  cm  2 

16 

14 

1.8 

(NH4)H,P04  gl>col, 

IO|iA  cm' 2 

16 

1.4 

1.8 

Tarlaric  acid  glycol. 

200  nA  cm  ‘ 2 

16 

2,9 

1.8 

Aqueous  H  ,PO.. 
constant  voltage  150  V 

IJ 

1.4 

0.77 

CjItic  acid  glycol, 

constant  current  and  constant 

voltage 

19 

al.li  have  reported  a  gallium-to-arsenic  ratio  of  1.8  for  the  bulk  of  the  oxide  film. 
Verplanke  and  Tijburg19  have  used  radioactive  tracer  techniques  to  analyse  films 
grown  by  anodization  in  a  citric  acid  solution  glycol  electrolyte.  They  have 
observed  a  gallium-to-arsenic  ratio  of  about  0.7.  In  our  own  ESCA  studies  we  have 
observed  gallium-to-arsenic  ratios  in  the  range  1.7- 1.8  for  samples  anodized  in  both 
AGW  and  (NH4|H,POi  glycol  electrolytes.  However,  the  extent  to  which  the 
ESCA  ratios  are  affected  by  the  selective  etching  that  occurs  during  the  argon 
profiling  has  not  been  established  so  that  at  present  these  values  are  tentative.  (A 
typical  ESCA  profile  is  illustrated  in  Fig.  1.1  The  reasons  for  the  variations  are  not 
clear  but  Verplanke  and  Tijburg  have  suggested  that  it  is  due  to  the  use  of  different 
electrolytes.  However,  their  suggestion  that  the  effect  is  due  to  the  use  of  glycol  in  the 
electrolyte  docs  not  seem  to  account  entirely  for  the  difference  in  the  light  of  our 
ESCA  results  unless  selective  etching  affects  the  gallium-to-arsenic  ratio  here  by  a 
factor  of  3,  which  is  greater  than  the  effect  observed  from  the  GaAs  substrate  (about 
1.5)  and  therefore  seems  unlikely. 

In  view  of  these  problems  it  is  not  clcui  w  hat  the  optimum  gallium-lo-arscmc 
ratio  should  be.  It  might  initially  be  anticipated  that  a  ratio  of  unity  is  the  most 
favourable.  However,  consideration  of  the  densities  of  Ga.Oj  and  As;0,  indicates 
that,  if  equal  volumes  of  each  were  mixed  together,  then  the  gallium-to-arsenic  ratio 
observed  would  be  1.7,  a  value  which  is  very  close  to  some  of  those  reported  above. 
This  leads  to  the  possibility  that  the  composition  of  the  oxide  film  is  controlled  by 
some  mechanism  related  to  the  mixing  of  the  two  oxides  and  that  a  ratio  different 
from  unity  may  lead  to  the  most  stable  structure  However,  more  work  is  required  to 
establish  the  range  of  compositions  which  can  be  achieved  and  the  electrical 
properties  associaied  with  each  composition.  It  should  be  pointed  out  in  connection 
with  this,  however,  that  a  recent  paper20  reported  a  gallium-to-arsenic  ratio  of  unity 
for  a  plasma-grown  anodic  film  formed  beneath  an  aluminium  oxide  layer. 

As  with  the  surface  region  the  composition  at  the  GaAs-oxide  interface  also 
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Kip.  I.  A  typical  ESCA  profile  of  an  anodic  oxide  on  GaAs:  anodisation  in  |NH4iHjP04  glycol 
electrolyte  at  IO|iA  cm"  oxide  thickness.  750  A;  •.  As;  O.  Ga 

deviates  from  that  in  the  bulk  of  the  oxide.  Chang  et  i it.'*  have  reported  an  excess  of 
arsenic  at  this  interface.  In  our  ESCA  studies  we  have  observed  two  important 
changes  in  composition  close  to  the  GaAs  substrate  (see  Fig  1 1.  Firstly  the  As2Oj 
starts  to  disappear  before  the  Ga,Oj  so  that  the  ratio  of  Ga,0,  to  As,01  increases 
in  this  region.  Wilmson  and  Kce21  have  made  a  similar  observation.  Secondly  there 
is  a  region  adjacent  to  the  GaAs  substrate  in  which  arsenic  appears  but  no  gallium, 
although  the  ESCA  chemical  shift  suggests  that  gallium  is  in  a  similar  state  to  the 
arsenic  in  the  GaAs  l<>.  Both  these  effects  were  observed  in  oxide  films  grown  in 
cither  of  the  electrolytes  w  hich  we  studied  This  seems  to  suggest  that  the  composition 
in  this  region  is  controlled  by  the  anodic  growth  mechanism  involved  and  docs  not 
depend  on  the  electrolyte. 

The  thickness-overvoltage  characteristic  of  the  anodic  oxide  varies  with  the 
growth  current  density.  For  example  in  the  AGW  electrolvte  the  observed"*  values 
arc  20  A  V"  1  at  1  mA  cm’ 2  and  21.5  A  V"  1  at  100  p.\  cm  ' Crvstallinitv  has  been 
observed22  in  oxides  grown  at  current  densities  greater  than  2  mA  cm' From  these 
observations  it  appears  that  the  structure  of  the  anodic  oxide  is  affected  by  the 
current  density  employed  during  growth.  This  may  be  related  to  the  anodic  growth 
mechanism  since  the  variations  occur  with  the  same  electrolyte. 

The  effect  of  annealing  on  the  composition  of  anodic  oxides  has  been  studied  by 
various  workers1519-22.  The  results  show  that  arsenic  is  lost  from  the  film  if 
annealing  is  carried  out  above  350  C  owing  to  the  high  volatility  of  As203.  The 
effect  becomes  more  pronounced  the  higher  the  temperature  used,  and  poly- 
crystalline  Ga2Oj  may  start  to  appear22.  These  effects  correlate  with  an  increase  in 
the  d.c.  leakage  current  through  the  oxidc.and  deterioration  in  the  capacitance- 
voltage  characteristics. 

4.  ANODIC  GROWTH  MECHANISM 

Since  the  composition  and  hence  the  properties  of  anodically  grown  films  on 
GaAs  appear  to  be  in  part  controlled  by  the  grow  th  mechanism,  it  is  important  to  try 
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and  tinder  si. iiul  this  i!  tin-  piopci  tic-.  ,uc  to  be  c  imipk  u  lv  emit  lolled  Although  very 
few  studies  li.ive  lieen  icpoilcc!  on  this  .ispei  I  ol  (i.i\s  .moili/.ition  (here  is  .1 
considerable  aimmnl  ol  data  available  1  oik  1 1  iiinr  the  mechanism  involved  dining 
the  anodic  passivation  ol  v .11 1011 .  valve  mci.ih  (.  er lain  conclusions  ean  he  diawn 
front  these  data  which  may  beol  value  m  cTucid.ilmi'  I  he  mechanisms  involved  will) 
GaAs.  However,  in  the  absence  ol  clear  evpenment.il  evidence  the  mechanisms 
which  we  propose  must  be  of  a  speculative  nature 

Davies  et  a  I ' 1  have  used  radioaelive  li.ieer  leehnu|ues  to  study  the  migration  of 
oxygen  and  metal  atoms  during  the  aiiodie  oxidation  ol  .1  senes  of  metals,  f  rom 
these  results  they  calculated  a  lacior  rnl  winch  represents  the  fraction  of  the  film 
growth  due  to  the  metal  atom  migi.itiou  I  hese  values  are  presented  in  Table  II 
together  with  the  ionic  radii  of  the  met.ii  ions  in  the  valency  slate  appropriate  for  the 
oxide  formed  I- 10m  1  able  II  n  can  be  seen  that  the  conn  ihution  Irom  the  metal  ton 
decreases  as  the  ionic  radius  me  leases,  the  contribution  approaching  zero  for  1011s  of 
radius  greater  than  OK  A  r  the  value  for  aluminium  included  in  Table  II  is  that 
obtained  for  anodi/ation  m  .1 1111  veil  glycol  sodium  tctraboiaie  elect  roly  te.  Different 
results  were  reported  for  anodization  in  .111  aqueous  citrate  electrolyte,  with  a 
variation  in  fni  with  cut  rent  density.  However,  this  may  be  due  to  porous  him 
formation  since  this  electrolyte  has  been  reported1  1  as  being  ol  a  pore-forming 
nature  whereas  the  former  is  not  Smaller  variations  of  rni  unh  current  density 
occurred  with  some  of  the  other  metals  but  these  weie  not  considered  by  the  authors 
to  be  significant  in  compat ison  with  the  expeiiment.il  errors;  in  these  cases  we  have 
listed  average  values.) 

TABLE  It 

rut  rosiRiHi  liossoi  hi  1*1  mvniu  m  1111  c.hovc  01 01  am, on  oxioisos  v  akioc  s  mi  ials 

Mela!  Pi'll ,’nMiv  .  nninbuimn  I nl ,»/  rni  iat  inn v  Mt  lul  inn  ruJiu '  111 (A| 

In  Jilni  c'U,..  th:  ■'  l“„| 


Zr 

<  5 

0  79 

Hf 

<} 

0  78 

Nb 

27 

0  69 

Ta  * 

29 

0<>8 

W 

n 

0  t;2 

At 

58 

051 

The  variation  in  rr,  with  ionic  radius  can  be  explained  if  the  metal  ions  move 
interstilially  through  the  oxide  lilm  during  growth  If  ilns  is  the  case,  then  as  the  si/c 
of  the  ions  increases,  relative  to  the  si/c  of  the  interstitial  sites,  the  aetiv  anon  energy 
for  drift  under  the  influence  of  1  he  eleeme  held  is  expected  to  increase,  leading  to  the 
observed  results  The  situation  is  not  quite  as  simple  as  tins  since  we  must  consider 
the  structures  of  the  dilleient  oxides  and  the  possible  satiations  in  the  si/e  of  the 
interstitial  sites.  However,  since  anodic  oxide  iilms  are  generally  amorphous  and 
possess  no  long  range  order,  it  is  possible  that  the  structures  are  similar  and  arc 
dominated  by  the  relatively  laige  oxygen  anions. 

If  this  interpretation  is  considered  to  be  valid  and  applicable  to  GaAs 
anodization,  then  two  conclusions  may  be  draw  n. 

(i)  Since  the  ionic  radii  of  gallium  and  arsenic  are  different  (0  62  and  0.69  A 
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,  .C|i\cl>  for  Ihc  triposilivc  ions)*  they  arc  expected  to  drift  at  different  velocities. 

in)  The  size  of  the  oxygen  di-anion  (1.40  A)  precludes  the  possibility  that 
^  .|slllj;,|  transport  of  oxygen  makes  a  significant  contribution  to  the  growth. 

Considering  the  transport  of  oxygen  Pringle2*  has  studied  its  migration  during 
ilic  uiodtc  oxidation  of  tantalum.  Firstly  his  results  showed  that  oxy  gen  atoms  do 
itu-'iate  during  anodic  oxidation,  secondly  he  demonstrated  that  during  growth 
tlieir  order  is  preserved  and  thirdly  he  estimated  that  the  average  jump  distance  for 
m  oxygen  atom  during  migration  is  about  4  A.  (This  is  about  the  same  order  of 
J  njiiitude  as  the  distance  expected  between  nearest  neighbour  oxygen  atoms.) 
1  peso  results  are  entirely  consistent  with  the  assumption  that  oxygen  migration 
i  ikes  place  via  a  vacancy  transport  mechanism  In  fact  the  preservation  of  order  is 
exactly  the  opposite  of  what  would  be  expected  from  an  interstitial  transport 
mechanism  where  the  ions  entering  the  film  last  would  be  expected  to  appear  nearest 
to  the  opposite  interface.  Recent  results  from  a  similar  study  of  GaAs  anodization 12 
showed  that  the  order  of  oxygen  atoms  is  also  preserved  in  this  case. 

On  the  basis  of  these  observations  we  propose  a  mechanism  for  GaAs  anodic 
oxidation  in  which  gallium  and  arsenic  atoms  are  ionized  at  the  GaAs-oxide 
interface  by  the  high  field  present  and  that  these  ions  then  migrate  interslitially  from 
this  interface  towards  the  oxide  surface  under  the  influence  of  the  field.  We  also 
Miggesl  that  oxygen  transport  from  the  surface  towards  the  interface  is  by  a  vacancy 
transport  mechanism.  Because  of  their  differing  sizes  the  gallium  and  arsenic  ions 
max  drift  at  different  rates.  The  vacancy  transport  mechanism  for  oxygen  requires 
that  positively  charged  vacancies  are  created  at  the  oxide-semiconductor  interface, 
possibly  by  the  removal  of  gallium  and  arsenic  lattice  atoms  as  interstitial  ions ;  these 
then  drift  towards  the  oxide  surface  under  the  influence  of  the  electric  field. 

If  the  gallium  and  arsenic  ions  drift  at  different  rates  we  might  expect  to  observe 
this  phenomenon  as  different  concentration  gradients  of  gallium  and  arsenic  within 
the  oxide  film.  There  is  no  clear  evidence  that  such  a  gradient  exists  but  the  actual 
concentration  of  interstitial  ions  present  could  be  extremely  small,  depending  on 
their  absolute  drift  velocities.  Accurate  measurements  of  the  oxervoliage-thickness 
characteristic  for  anodic  oxide  films  on  GaAs  ^  have  shown  a  linear  relationship  for 
giow  th  at  1  mA  cm'2.  This  suggests  that  there  is  no  observable  space  charge  effect 
within  the  film  due  to  the  migrating  ionic  species  which  in  turn  suggests  that  the 
concentration  of  ionic  species  present  is  low.  The  concentration  should  be  greater  at 
higher  growth  current  densities  and  an  eflcct  may  be  observable  under  such 
conditions. 

The  build-up  of  arsenic  observed  at  the  oxide-semiconductor  interface  could  be 
consistent  with  a  higher  activation  energy  for  arsenic  ion  drift,  but  it  would  be  an 
oversimplification  to  consider  this  to  be  the  complete  explanation.  It  has  been 
suggested  elsewhere15  that  this  arsenic  build-up  is  due  to  the  preferential  formation 
of  GajOj.  This  was  explained  as  due  to  the  fact  that  Ga}0,  has  a  higher 
thermodynamic  stability  than  As,0,.  However,  the  thermodynamic  data  refer  to 
equilibrium  conditions  whereas  here  we  are  dealing  with  a  kinetic  situation  where 
the  height  of  the  energy  barriers  is  the  most  important  consideration. 

•  DifTcient  sources  give  different  values  for  ihe  As*’  ionic  radius.  This  value  is  calculated  for 
sixfold  coordination  as  is  lhai  for  Ga5  * ;  thus  these  are  probably  the  best  values  for  comparison  purposes. 
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An  altci  native,  although  cntiicly  speculative,  explanation  for  the  arsenic  build¬ 
up  is  related  to  the  way  in  winch  gallium  and  arsenic  cations  arc  formed  and 
removed  from  this  interface.  If  we  consider  a  GaAs  pair  in  the  GaAs  substrate  at  the 
interface,  it  is  possible  that  under  the  influence  of  the  high  electric  field  the  pallium 
atom  may  be  removed  as  a  positive  ion,  leaving  the  arsenic  atom  negatively  charged 
and  at  the  same  time  forming  a  positively  charged  vacancy.  The  positive  vacancy 
and  the  arsenic  anion  could  then  become  associated  and  trapped  at  the  interface. 
The  reverse  situation  where  an  arsenic  cation  is  removed,  leaving  a  negatively 
charged  gallium  species,  is  less  likely  owing  to  the  more  electropositive  nature  of 
gallium. 

If  the  model  is  correct  in  predicting  the  formation  of  oxygen  vacancies  at  the 
oxide- semiconductor  interface,  this  is  an  unfavourable  situation  since  it  implies  the 
likelihood  of  excessive  defect  concentrations  in  this  region  w  hich  might  result  in  a 
higher  interface  state  density.  This  situation  is  likely  to  be  aggravated  by  the  use  of 
high  growth  current  densities,  especially  if  any  space-charge-limiling  effects  are 
involved27,  and  may  explain  some  of  the  variations  observed  with  current  density. 
For  this  reason  the  use  of  low  current  densities  (in  the  region  of  100  pA  cm'2)  is 
likely  to  produce  oxide  films  with  better  electrical  properties. 

Although  the  growth  mechanism  suggested  here  is  largely  speculative  it  does 
represent  a  starting  point  from  which  an  interpretation  of  the  available  data 
becomes  possible.  This  is  important  if  w  e  are  eventually  to  gain  a  full  understanding 
of  the  anodic  growth  process,  and  we  hope  that  it  will  stimulate  further 
consideration  in  these  areas. 

5.  ELECTRICAL  PROPERTIES  OF  ANODIC  OXIDES  ON  GALLIC M  ARSENIDE 

The  electrical  properties  of  anodically  grown  native  oxides  on  GaAs  which 
have  been  discussed  in  detail  elsewhere22  28  30  will  be  briefly  mentioned  here. 

Kolm  el  <il.28  10  have  calculated  the  charge  trapped  in  the  oxide  from  d  c. 
leakage  current  measurements.  Using  this  they  have  calculated  the  charge  centroid, 
which  was  found  to  reach  values  of  up  to  half  the  oxide  thickness.  The  presence  of  the 
charge  centroid  was  used  to  explain  various  instabilities  observed  in  the  anodic 
oxides.  For  example  a  non-destructive  breakdown  phenomenon  was  observed  when 
the  breakdown  field  strength  ((2-3)  x  10"  V  cm'1)  was  just  exceeded.  Partial 
recovery  look  place  if  the  device  was  stored  for  several  days.  It  has  been  suggested 
that  this  breakdown  occurs  close  to  the  interface  owing  to  the  high  field  associated 
with  the  trapped  charge. 

The  capacitance  voltage  characteristics  of  MOS  diodes  on  GaAs  exhibit 
several  aspects  of  non-ideal  behaviour  including  hysteresis,  frequency  dispersion 
and  an  accumulation  capacitance  which  continues  to  increase  with  increased  bias 
voltage.  The  last  effect  may  also  be  explained  by  a  charge  centroid  in  the  oxide  w  hich 
effectively  reduces  the  capacitor  thickness,  thus  causing  an  apparent  increase  in  the 
accumulation  capacitance. 

Interpretation  of  these  results  in  terms  of  the  theory  developed  for  the  silicon- 
SiOj  system  seems  to  lead  to  the  conclusion  that  the  interface  state  density  is  very 
high  and  that  prospects  for  device  operation  arc  not  very  good.  However,  it  has 
recently  been  argued30  that  this  theory  is  not  applicable  to  the  GaAs-native  oxide 
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s)Stcni  hoc. i use  of  the  complicated  oxide  trapping  and  interface  behaviour.  Indeed, 
enhancement-depletion  mode  MOS  field-effect  transistois  (MOSI- FTs)31- 32  which 
show  promising  characteristics  have  been  fabricated  using  the  GaAs  anodic  oxide 
technology.  suggesting  that  the  present  understanding  of  their  behaviour  is  far  from 
complete 

ANODIC  ALLY  CiROW  N  IMIUIII  I  OXIDL  STKUCTURLS 

Reecnl  work  has  examined  the  properties  of  dielectrics  on  GaAs  incorporating 
aluminium  oxide  as  well  as  the  GaAs  native  oxide29  These  arc  fabricated  by 
depositing  a  thin  layer  of  aluminium  on  the  GaAs  substrate  prior  to  anodization. 
Capacitance  voltage  measurements  made  on  diodes  fabricated  in  this  way  show 
reduced  hysteresis  and  an  increase  in  the  slope  of  the  capacitance-voltage  curve  at 
high  frequencies,  indicating  that  the  surface  states  are  frozen  out.  The  discrepancy 
between  the  predicted  and  observed  capacitances  is  also  reduced. 

In  addition,  dielectrics  fabricated  in  this  manner  have  shown  charge  storage 
properties53,  and  a  memory  transistor  has  been  constructed  using  this  technology  34. 
The  performance  of  these  devices  compares  extremely  favourably  with  that  of 
devices  produced  using  silicon  MNOS  technology. 

7.  CONCLUSION 

We  believe  that  the  anodic  oxidation  of  GaAs  represents  the  most  promising 
technique  available  for  the  production  of  MOS  devices  on  this  semiconductor. 
However,  the  processes  involved  are  extremely  complicated  and  as  yet  not  very  well 
understood. 

The  effects  of  the  electrolyte  and  of  the  grow  th  current  density  on  the  properties 
of  the  anodic  oxide  need  careful  examination,  and  an  attempt  should  be  made  to 
correlate  any  physical  changes  observed  with  the  electrical  characteristics  of  the 
films.  It  is  also  important  toobtain  a  good  working  model  for  the  growth  mechanism 
involved  during  the  anodic  oxidation  of  GaAs  and  to  try  and  understand  how  this 
influences  the  film  structure  and  properties  Our  suggestions  in  this  respect  are  based 
primarily  on  results  reported  for  other  anodic  systems,  and  our  model  is  based  on 
the  interstitial  transport  of  gallium  and  arsenic  ions  and  a  vacancy  transport 
mechanism  for  oxy  gen  ions  We  believe  that  it  represents  a  useful  starling  point  for  a 
critical  examination  of  the  mechanisms  involved. 

A  detailed  knowledge  of  the  physical  and  chemical  composition  of  the  anodic 
oxide  films  is  essential  if  a  complete  understanding  of  their  behaviour  is  to  be 
obtained.  A  significant  amount  of  data  is  already  available,  much  of  it  from  Auger 
depth  profiling  studies  However,  we  have  found  that  ESCA  combined  with  argon 
ion  etching  provides  extremely  valuable  complementary  information.  Its  particular 
strength  lies  in  the  ability  to  distinguish  between  atoms  of  the  same  element  in 
different  chemical  environments.  This  has  allowed  us  to  observe  much  more  clearly 
the  compositional  changes  that  occur  at  the  oxide -semiconductor  interface.  The  use 
of  a  variety  of  different  physical  techniques  will  help  to  clarify  certain  areas  of 
uncertainty,  particularly  the  composition  of  the  anodic  oxide  films.  From  this  point 
of  view  the  use  of  as  many  different  techniques  as  possible  will  be  highly 
advantageous. 
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W'lth  rcc.tul  ui  ihc  dcclnc.il  pi  opcitics  of  the  (i.iAs  anodic  ovules,  pai  iicul.nl> 
llicif  inlcil.ici.il  piopcrlics.  it  is  clcai  lhai  ihc  currently  available  models  aic 
inadequate  In  (Ins  area  *  lie  availability  ol  piccisc  physical  mlv  >r  in.i  f  ron  ml)  certainly 
assist  in  ihc  development  of  more  realistic  models  winch  predict  the  electrical 
characteristics  much  more  reliably 

Finally,  with  the  production  of  double  oxide  films  on  GaAs  the  flexibility  of  the 
anodic  oxidation  process  has  been  demonstrated.  This  innovation  has  produced 
dielectrics  w  ith  belter  electrical  properties  as  well  as  introducing  new  possibilities  for 
device  applications.  We  feel  that  the  value  of  this  technology  has  now  been  proved. 
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Recently  iv>ean  h  w  .1-;  fin  u.-e«i  on  the  formation  of  mult  :p|e  layer  anode-  insulators  on  GaAs 
to  obtain  >U|teiior  passivation  layers  In  parte  ular  Al  t  G  liim>  m  eonjuin  turn  with  native 
oxide  tiln»>  were  evaluated  In  this  pap«  r  Aujer  unak'is  -tudj«*<  are  refuted  on  Al;03- 
native  oxide  films  on  GaAs.  The  result >  indicate  tli.it  oxyyeti  1111  jrates  during  anodization 
towards  the  interface  while  Ga  ami  As  miniate  towards  the  surface. 

1.  Introduction 

Passivation  oft  la  As  surface*  ivcjuircs  a  stable  insulator  with  very  -mail  leakage 
currents  apart  from  numerous  other  important  features.  Multiple-layer  insulating 
films  have  therefore  heen  grown  anodieally  to  aehieve  improved  perh irmanee  over 
the  pure  GaAs  native  oxides,  tn  particular  Al203  with  its  potentially  wide  energy 
gap  of  lip  to  SeVlias  heen  considered  a  promising  material.  It  is  therefore  useful  to 
study  the  chemical  compositional  profiles  of  such  structures  by  Auger  spectroscopy. 
This  work  is  also  useful  in  the  investigation  of  such  properties  as  diffusion  and  high- 
field  drift  processes  of  material  across  an  Al203  layer  inserted  into  the  native  GaAs- 
oxide  film. 

Some  preliminary  results  on  plasma-discharge  grown  oxides  on  GaAs  have  been 
reported  (Chang  et  til.  1977).  In  this  paper  we  present  further  data  on  elect  roly  tically 
grown  oxides,  based  on  the  AG\V  electrolyte  (Hasegawa  and  Hartnagel  197(>). 
Earlier  published  findings  are  in  fact  eontinned  here.  However,  several  imp.rtant 
further  details  are  reported  which  are  relevant  for  the  correct  selection  of 
manufacturing  parameters  for  device  applications. 

2.  Experimental  procedures 

All  oxide  layers  described  in  this  work  were  grow  it  in  the  AG\V  electrolyte 
(Hasegawa  and  Hartnagel  1 97<i)  under  illuminated  conditions.  The  pH  value  and  the 
temperature  of  the  elect  roly  tie  hath  were  kept  at  Jo  and  o  ('  resj  actively.  Composite 
oxide  structures  were  achieved  l»v  tirst  deposit  ing  the  desired  thick  ness  of  the  A1  film 
on  a  chemically-polished,  cleaned  and  chemically-etched  surface  of  tin  As  and 
anodizing  the  w  hole  structure  until  all  the  A1  was  converted  into  AI.O,.  Anodization 
was  then  continued,  in  order  to  grow  GaAs  native  oxide  layers.  The  thickness  of  each 
oxide  layer  was  estimated  by  the  over -potential  rise  during  the  growth  of  the 
corresponding  layer  ( Bay mktaroglu  and  Hartnagel  197S).  Annealing  of  some 
samples  was  carried  out  in  X2  ambient  at  Sou  ('  for  15  min  w  ith  BKl C  min  heat-up 
and  cool-down  cycles. 
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Figurv  1  First  ilrriviit  iv«*  Auji«*r  s|irrt  m  from  anotlizrii  ( Ja  As  surface.  ill  list  rat  inn  ♦‘lectron 

(n)  UMnn  a  0.j/iA  (‘It'd ron  I  mini  ami  (M  u>mn  a  elect  mu  beam  Tin*  data  wore  taken  usinj*  a 
sinusoidal  in*  m!  it  hit  i<  in  of  tieV  jx-akto  peak  ami  a  Oils  lime  lonstant. 


Aiificr  measurements  were  performed  with  a  scanning;  Augier  microprobe 
(Physical  Klcetronics  Industries  Model  .*>!."»).  Au^ei  spectra  were  recorded  in  the 
usual  first  derivative  form.  rlX  ill'’,  and  the  intensities  presented  are  the  peak-to- 
peak  heights  (.lo.-hi  it  ill.  ltt7o)  Serious  chances  in  surface  eomposition  were  noted 
when  a  .*>ke\\  .'»/<  A  electron  heam  (rastered  to  prod  me  I  2.7  mA  unite  current 
density)  with  a  2.7  /nil  diameter  was  used.  These  changes  could  he  eliminated  by  using; 
a  (to /i A  electron  heam  (rastered  to  produce  a  5 /(A  mm’  current  density).  Til'll  re  1 
illustrates  the  changes  in  surface  composition  due  to  electron  homhardmeut.  the 
Aueer  speet  ra  obtained  for  the  (t  o  /<A  and  .7 /< A  elect  ton  heam  current  are  show  n  in 
Kifjs.  I  («)  and  (It)  respectively.  The  figure  indicates  a  decrease  in  the  As  a  lid  ( '  surface 
concentration  for  the  ,7/iA  heam.  During  prolilinu  the  heam  current  could  he 
increased  to  1  //A  w  it  limit  significant  edict  on  the  Aiig'er  measurements.  I  he  depth 
profiles  were  obtained  hv  sputtering  w  it  h  2  keV  Ar  ions.  The  Ar  ion  heam  width  was 
approximately  I  mm.  Carbon  was  observed  on  all  specimens;  however,  it  decreased 
rapidly  on  sputtering,  indicating  a  surface  eontamination. 

Results  and  discussions 

Hy  first  deposit  mg;  a  thin  layer  of  A I  on  <  fa  As.  anodic  oxidation  occurs  init  ially  of 
the  total  Al  layer  and  subsc<|Uontly  of  the  underlyin''  (la  As.  This  second  oxidation 
has  to  involve  transport  of  either  oxygen  to  the  interlace  (either  interst it  ially  or 
subst  itutionallv  as  a  vacancy)  or  Ca  and  As  to  the  oxide  surface  or  any  combination 
of  both.  It  is  then  possible,  hv  studying;  the  position  of  Al  in  the  oxide  hy  Aiig’er 
analysis,  to  derive  the  rat  in  of  the  transport  off  la.  As  and  oxygen  sjicries.  However, 
the  data  must  lie  considered  on  a  ipialitativc  basis;  since  the  oxides  are  <  oin|>osites, 
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their  ion  etch  rate.-  an-  not  kinmn  and  i lit  ii  lon-  tin-  ion  etch  time  may  not  bo 
proport  ion. 1 1  to  tin-  tlinkin-'  ol  tin-  liliu  'put  in  id  oil 

Sui  1 1  nu  a  mi  lenient.^  in  n-  uni  It  i  taken  u  it  li  -.1  ■  ■  ■  |  w  lure  llic  oxide  was  grow  n 
using  dl  Hi 'I  i  lit  iui  nut  ill  ii'it  a  ami  ilitliTi-nl  A I  .iimI  nat  li  r  o\uli  - 1  lm  knissfs.  It  was 
found  for  samples  with  In"  A  ot  Al  and  IlllMiA  ol  native  i.xule  that  tin-  Al  peak 
position  depends  on  1  hr  .  ill  tint  driiMt  \  ot  glow  til  ( l’lg  J  |  Wit  h  run  rut  drn  sit  V  of 
100/tA  rill2,  tin-  ratio  ot  tin-  'puttering  tinii  '  la-low  and  above  tlir  Al  peak  is  |-.» 
whereas  this  nunihrr  is  2!)  lor  a  current  density  of  lU/iA  mi2:  the  ratio  nf these 
numbers  is  (KY2,  w  liii-li  w as  humd  to  hr  independent  ol  sample  annealing.  The  above 
eteli  times  were  obtained  from  the  Al  and  ( la  signals  at  the  ballpoints  on  the  signal 
variations. 

Unfortunately,  it  is  not  possible  to  use  the  amplitude  of  the  Auger  lines  from  the 
raw  data  as  a  measure  of  the  elemental  concentrations.  as  etfeets  like  Auger  line 
shape  changes,  electron  escape  depth  and  preferential  etching  have  not  been  taken 
into  consideration.  This  problem  was  seen  in  the  ( la  Auger  signals  in  going  from  the 
anodized  (la As  to  the  <  luAs.  w  here  the  ( la  signal  indicates  a  dip.  This  dip  is  probably 
not  due  to  a  large  decrease  in  ( la  concentration  but  is  mainly  due  to  the  fact  that  the 
Auger  peaks  from  oxidized  <la  and  from  (la  in  (laAs  appear  at  different  energies. 
Techniques  developed  to  overcome  these  problems  in  depth  protiling  (drant  ft  al. 
1970)  cannot  he  directly  applied  here  owing  to  the  small  energy  separation  of  the  (la 
and  As  lines.  Such  effects  might  also  he  responsible  for  the  observation  that  the 
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Figure  2.  Depth  profile*  nf  (JaAs  with  !<h»  A  <»F Al  de|»o*ited  following  anodization  The  anodization  was 
continued  until  |<h  mi  nf  nat  i\e « •  \ t« !•*  was  grow  n.  as  determined  by  the  nverpntential  during  film 
growth.  Sarnple>  were  anndi/.ed  w  ith  •  orient  densities  of  PlpA  « in*  (upper  traeej  ami  ItKtpA  cm* 
(lower  trilee).  Tim  oxygen  Auger  signal  is  >h«>w  n  at  tenuated  by  a  ta<  for  ot  two  I  be  data  presented 
are  raw  data  and  the  Al  and  oxygen  now  levels  can  la*  seen  in  the  Da  As  region. 
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Kiiiuit*  .‘i  |)i*|itli  tmilili’  '*1 1 witli  <i.'iO  A  i'T  Al  ili-JU'itiil  (iiIIiim  iiiL'  .iii> h! i/.it I' m  Note  the  pre-cnee  of 
approximately  2",,  eat  In  in  through  tlie  oxiite .  The  n\\  nen  hcimI  a  a>  attenuateil  tiy  a  fact  nr  of  live. 


oxygen  concentration  underneath  tin-  Al  peak  appears  tn  lit-  alinut  I.V’,,  lower  titan 
that  above  the  Al  peak  (lower  curves  in  Fi--'  2 ).  However,  it  is  possible  that  there  is  a 
real  phenomenon  w  liii  h  would  indicate  w  het  her  the  native  oxide  underneath  the  A I 
consists  of  either  an  oxide  which  is  based  on  less  oxygen  atoms  (say  As>()j  rather 
than  As2()5.  or  <la203  and  As,03  instead  of  CaAst  or  incompletely  oxidized  fia 
and  As.  Further  work  in  this  area  is  plained. 

It  is  also  found  that  Al  reaches  thrmiah  tie-  oxide  from  its  peak  to  the  surface  with 
reducin'.:  densities  (l  ir!  2).  whereas  the  oxide  underneath  the  Al  |>eak  does  not 
exhibit  any  Al  I  bis  seems  to  indicate  either  that  Al  can  he  broken  out  of  Al2(.)3. 
ionized  and  drifted  by  the  hit'll  2 row  th  field  to  the  oxide  surface,  or  that  the oxyjren 
transport  from  t  hi- oxide  surface  is  sn-l  ron-.'  that  any  ( la  and  As  ions  drift  ini!  towards 
the  surface  are  caught  and  ionized  by  these  oxyireti  species  la-lore  they  reach  the 
surface.  This  process  could  la-  associated  with  an  ionized  oxygen-vacancy  drift 
towards  the  suiface  (IJreeze  it  <d ■  1!>7S).  Another  e\]ilauation  for  the  surface 
com  posit  ion  could  la-  th.it  (la  and  As  diffuses  alone  defects  in  the  aluminium  oxide 
and  the  aluminium  surface  is  partially  covered  w  ith  (at -oxide  and  As-oxide. 

Within  the  Aimer  sens  it  i  v  it  \  .  no  ( ’  was  found  in  the  hulk  of  the  oxide  when  the 
films  w  ere  crow  n  with  current  deiisit  ies  less  than  It  hi  pA  w  Idle  with  hit'her  current 
densit  ies  approximate!  v  2  at .  residual  carbon  is  observed  in  t  lie  oxide  ( f  iji.  >)).  I  his 
indicates  that  the  idyeol  based  electrolyte  may  incorporate  carbon  based  anodic 
fragments  into  the  oxide  film  durinu  trrowth  at  very  liiah  densities. 

With  HMM)  A  thick  Al2<>3  and  a  thick  UaAs-oxidc.  we  always  find  (la As-oxide  on 
top  and  below  the  Al2()3.  hut  the  Al2(>3  contains  only  minute  amounts  of  Ga  and  As 
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ETCH  TIME  (Min) 

Figure  4.  Depth  profile  of  GnAs  with  630 A  of  Al  deposited  following  anodization.  The  Al20s  was 
approximately  lotto  A  and  the  native  oxide  74)0  A  as  determined  from  the  overpotentials.  The 
oxygen  signal  w  as  attenuated  by  a  factor  of  five. 


(Fig.  4).  The  etch  time  ratio  for  top  and  bottom  GaAs-oxides  does  not  seem  to  depend 
on  anodization  current  density  and  does  not  dejiend  on  the  GaAs-oxide  thickness. 
However,  for  structures  with  thick  A120j  (1000 A)  and  thin  GaAs-oxide  (100 A 
estimated  from  the  anodisation  I'  —  t  curves),  no  discrete  native  oxide  layer  was 
observed  by  Auger  measurements  for  current  densities  of  lOOpA  cm*  and  above:  for 
smaller  current  densities,  native  oxide  was  observed  both  on  top  and  below  the 
A120j.  Layered  composite  oxide  formation  is  consistent  with  the  memory  effects 
observed  previously  ( Itayruktaroglu  ft  al.  1077).  In  all  our  measurements,  the  native 
oxides  on  top  of  the  AKOj  appear  As  deficient.  If  only  thin  native  oxides  are  grown 
(100  A)  after  establishing  150  A  of  ALOj  it  was  observed  that  no  native  oxide  forms 
on  top  of  the  A1203.  although  some  Ga  is  always  observed  on  the  surface. 


4.  Conclusion 

It  is  shown  here  that  Auger  spectroscopy  of  oxides  on  GaAs  can  give  information 
on  the  transport  mechanism  during  anodization  of  the  elements  forming  the  oxide.  It 
is  shown  that  GaAs-oxide  usually  forms  both  on  top  and  below  ALOj  films.  With 
thick  A1203  films  (1000  A)  only  minute  amounts  of  Ga  or  As  can  be  observed  by 
Auger  spectroscopy  in  the  AI2()j. 
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Ohmic  contacts  to  InP 

H.  T.  MILLSj  and  H.  L.  HARTNAGELfJ 


The  problems  involved  in  making  Sn-Ag  ohmic  contacts  to  InP  have  been  investi¬ 
gated.  The  technique  of  thin  film  epitaxy  has  been  adapted  so  that  the  problems 
have  largely  been  overcome,  resulting  in  high-quality  ohmic  contacts  whose  contact 
resistance  is  less  than  tho  measurement  error  and  whose  barrier  height  is  too  low 
to  bo  detected.  These  ohmic  contacts  were  used  for  the  contacts  of  InP  Gunn 
oscillators,  and  efficiencies  somewhat  less  than  9%  could  be  obtained,  in  agreement 
with  thoorotical  predictions. 


1.  Introduction 

Typical  ohmic  contacts  on  III-V  compound  semiconductors  consist  of 
vacuum  deposition  of  suitable  metals  followed  by  an  alloying  cycle  in  an  inert 
atmosphere.  The  temperature  and  time  of  this  alloying  cycle  have  to  be 
limited  to  prevent  disassociation  of  the  semiconductor  surface  due  to  the 
greater  evaporation  rate  of  the  group  V  element,  unless  special  precautions 
are  taken.  The  loss  of  this  component  is  particularly  serious  for  ohmic 
contacts  because  of  the  relatively  thin  layer  of  single-crystal  regrowth  under¬ 
neath  the  metallization  (Sebestyen  et  al.  1975).  Therefore  a  process  called 
T.F.E.  (Thin  Film  Epitaxy)  was  developed  for  the  fabrication  of  high-quality 
ohmic  contacts  onto  GaAs.  This  new  process  includes  a  thin  layer  of  Ga  in 
the  normal  metallization  and  subsequent  annealing  in  an  atmosphere  of  As 
using  a  slow  temperature  cycle.  Here  similar  results  are  presented  for  InP. 

2.  Sn-Ag  ohmic  contacts 

A  common  technique  for  producing  ohmic  contacts  onto  InP  is  to  vacuum- 
deposit  Sn  and  Ag  and  then  subsequently  to  anneal  in  an  atmosphere  of 
hydrogen  at  450-500°C  for  1  min.  It  was  previously  reported  (Becker  1973) 
that  such  contacts  have  a  non-uniform  surface  and  non-linear  I-V  charac¬ 
teristics. 

An  investigation  of  the  Sn-Ag  ohmic  contact  metallization  was  conducted 
using  epitaxial  v  on  nr  InP  with  n  ~  1015  cnr3  and  p~lQcm,  and  the 
epitaxial  layer  being  10  pm  thick  with  a  crystal  orientation  of  <100). 

Prior  to  evaporation,  the  semiconductor  slices  were  cleaned  by  boiling  in 
trichloroethylene,  acetone,  methanol  and  chloroform.  The  surface  was  then 
etched  in  the  pre-evaporation  etch  using  HC1,  HN03  and  H20  in  the  ratio 
2:2:  1.  Although  this  has  a  rather  fast  etch  rate  of  ~2  pm  min-1,  a  10s 
etch  was  found  to  leave  the  surface  flat  and  undamaged  when  examined  with 
an  S.E.M.  and  X-ray  analysis. 
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The  metallization  used  was  1200  A  Sn  +  4000A  Ag  deposited  by  thermal 
evaporation  in  a  vacuum  of  <10~8Torr.  When  subsequently  annealed  in 
an  atmosphere  of  H8  at  470°C  for  1  min,  the  resulting  surface  can  be  seen  in 
Fig.  1  to  be  very  non-uniform  and  the  resulting  I-V  characteristics,  shown  in 
Fig.  2  at  300  K  and  77  K  are  both  non-linear.  The  specific  contact  resistance 
at  300  K  is  4  0  x  10~4  Q  cm~2  using  Brooks  and  Mattes’  (1971)  equation  to 
calculate  the  effect  of  spreading  resistance. 

E.D.A.X.  (Energy  Dispersive  Analysis  of  X-rays)  of  the  contact  revealed 
that  the  ‘  hills  ’  are  composed  mainly  of  Sn-Ag  and  the  valleys  of  In-P, 
showing  that  the  problem  is  de-wetting  of  the  contact  from  the  InP  surface 
during  the  alloying  cycle. 


Figure  3.  S.E.M.  micrograph  of  a  Sn-Ag  ohmic  contact  alloyed  for  5  min  (magni¬ 
fication  x  485). 

Increasing  the  alloying  time  resulted  in  the  deterioration  of  the  surface 
accompanied  by  an  increase  in  the  contact  resistance.  A  typical  contact, 
alloyed  for  5  min,  is  shown  in  Fig.  3.  The  resulting  specific  contact  resistance 
is  1-97  x  10-3  £2  cm-2. 

Higher  alloying  temperatures  gave  no  improvement,  and  an  extreme  case 
for  an  alloying  temperature  of  600°C  is  shown  in  Fig.  4,  where  some  violent 
reaction  can  be  seen  to  have  taken  place.  E.D.A.X.  spot  analysis  showed 
that,  as  before,  the  hill  is  composed  of  Sn-Ag  but  this  time  the  ‘  valley  ’  is 
mainly  In  and  Ag  with  very  little  phosphorus  present.  In  his  investigation 
of  the  evaporation  of  InP,  Farrow  (1974)  found  that  under  Langmiur  (free) 
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Figure  4.  S.E.M.  micrograph  of  a  Sn-Ag  ohmic  contact  alloys  at  G00°C  (magni¬ 
fication  (a)  x520,  (6)  x  5200J. 


Ohihit  ('unfuds  it*  Ini ’  (>p 

evaporation  conditions  congruent  <\ .1  porat ion  occurs  up  to  35(>  (',  above 
which  temperature  the  loss  of  phosphoius  I. iconics  greater  tliun  that  of 
indium. 

All  these  ohservations  indicate  the  problems  involved  in  making  ohmic 
contacts  to  Ini’,  i.e.  ‘  bulling  up  '  or  de  wetting  of  the  contact  metals  and  a 
loss  of  pliosphorus  during  the  alloying  cycle. 


3.  T.F.E.  grown  ohmic  contacts 

Tin*  techniques  developed  for  (la As  were  adapted  for  Ini’  where,  of  course, 
the  arsenic  vapour  has  to  he  replaced  by  a  suitable  phosphorus  atmosphere 
and  the  equilibrium  vapour  pressure  of  1*  over  Ini’  is  much  greater  than  for 
As  over  (JaAs,  therefore  limiting  the  maximum  alloying  temperature.  The 
InP  used  here  has  the  same  specification  as  that  described  in  the  previous 
section. 

To  overcome  the  de-wetting  of  the  contact  metals,  a  thin  layer  of  In  was 
evaporated  prior  to  the  other  metals  to  act  as  a  ‘  wetting  agent  ’  during  the 
alloying.  In  addition  it  will  also  act  as  the  basis  of  the  newly  grown  InP 
layer  if  phosphorus  is  provided  during  alloying. 

The  metallization  used  was 

200  A  In  +  750  A  Sn  +  2500  A  Ag 

which  was  subsequently  alloyed  in  an  atmosphere  of  phosphorus  using  a 
furnace  similar  to  that  described  by  Sebestyen  ct  af.  (1975)  with  a  slow 
temperature  cycle,  as  shown  in  Fig.  5.  Phosphorus  was  provided  by  includ¬ 
ing  a  small  piece  (of  the  red  allotrope)  inside  the  furnace  ampoule  along  with 
the  sample  to  be  alloyed. 

The  resulting  surface  of  the  contact  shown  in  the  S.E.M.  micrograph, 
Fig.  0  (a),  can  he  seen  to  be  extremely  flat  and  quite  featureless,  and  even  at 
x  10  000  magnification,  Pig.  (>(5),  appears  granular.  A  standard  photo¬ 
lithographic  float -off  procedure  was  used  to  define  the  circular  dots. 


Figure  5  Alloying  temperature  cycle  of  T.F.E. -grown  ohmic  contacts. 
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At  3u(>  K  the  I-  1’  characteristic  (see  Fig.  7)  is  linear,  giving  a  specific 
contact  resistance  (Brooks  ami  Mattes  15171)  below  the  measurement  error, 
i  c.  <10  4  il  cm  2.  Using  the  method  of  Tantraporn  splitting  (Tantraporn 
If 70),  an  attempt  was  made  to  measure  the  harrier  height,  but  was  un¬ 
successful  because  no  splitting  in  the  voltage -temperature  characteristic  could 
be  detected,  even  down  to  77  K,  i.e.  the  J-V  characteristic  at  77  K  is  linear 
(see  Fig.  7). 


Figure  7  /-I’  characteristics  of  T  F  K. -grown  ohmic  contacts 


Another  test  commonly  used  on  GaAs  ohmic  contacts  is  to  compare  the 
ratio  of  the  conductivity  at  77  K  and  300  K  with  that  predicted  for  the 
material.  A  similar  test  for  lnl*  presents  difficulties  due  to  the  lack  of 
relevant  data,  but  the  ratio  of  1-70  obtained  here  for  the  T.F.E. -grown 
contacts  seems  to  be  in  reasonablea  greement  with  the  limited  information 
available  (Tebbenham  and  Walsh  1075) 

4.  Gunn  diodes 

(iunn  diodes  with  efficiencies  as  high  as  22",,  have  previously  been  fabri¬ 
cated  from  Ini’  (Colliver  it  al .  15174);  this  value  is  much  greater  than  has 
been  obtained  from  similar  GaAs  devices.  The  higher  conversion  efficiency 
was  proposed  to  be  due  to  two  effects  ;  the  large  peak  to-valley  ratio  of  the 
electron  velocity  field  characteristic  of  Ini’,  and  the  existence  of  a  potential 
barrier  at  the  cathode  which  permits  the  injection  of  hot  electrons  (t'olliver 
et  al.  15174) 

Therefore  a  useful  supplement  to  the  ohmic  contact  work  would  be  to 
fabricate  some  (limn  diodes  using  T.F.E  grown  contacts  and  to  test  their 
characteristics 
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4.1.  Packaging 

111*'  T.F.K. -grown  ohmic  contact  slices  described  in  the  previous  section 
were  cleared  and  mounted  into  S4  packages.  Because  tl)e  alloying  temperature 
of  these  contacts  was  so  low  and  InP  so  soft,  it  was  essential  that  the  use  of 
Au  (!c  solder  and  therinocompiession  bonding  be  avoided  to  prevent  damage 
to  the  ohmic  contact.  The  solder  used  had  a  melting  point  of  150°C,  which 
is  low  enough  to  prevent  any  eutectic  formation  with  the  gold  plating  of 
the  package.  Although  not  very  rugged,  this  method  was  adequate  for  the 
purpose  required. 

4.2.  Pulsed  I-  F  characteristics 

To  prevent  heating  of  the  device,  measurements  were  taken  using  a  pulsed 
bias  voltage  of  25  ns  duration  with  a  repetition  frequency  of  75  Hz.  The 
pulsed  I-\  characteristic  obtained  is  shown  in  Fig.  8,  from  which  it  can  be 
seen  that  there  is  only  a  srnull  *  current  drop-back  ’,  and  hence  onlv  a  low 
conversion  efficiency  is  to  be  expected. 


Voitoga  (V) 


CurrtM  (A) 


Figure  8  Pulsed  I  V  characteristics  of  the  InP  Gunn  diodes  with  T.F.E  -grown 

electrodes 


4  3  Microwave  measurements 

A  coaxial  cavity  with  a  characteristic  impedance  of  50  M  was  used  in 
conjunction  with  a  If  1*1  HI  A  sampling  oseilloscojie  for  all  the  microwave 
measurements.  The  diodes  were  biased  with  a  pulsed  supplv  as  in  the 
previous  section.  After  optimizing  all  the  variables,  including  bias  voltage 
and  cavity  length,  a  maximum  instantaneous  efficiency  of  3  1°0  was 
measured. 
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Tins  is  tiic  overall  efficiency  and  must  therefore  be  corrected  for  the  losses 
in  the  cavitv.  For  a  diode  mounted  in  such  a  cavity,  the  overall  Q  is  given 
by 

1  _  i  1  1 

Qt  Qext  Qo  Qti 

where  the  subscripts  are  t  for  total,  0  for  unloaded  cavity,  ext  for  external 
circuit  and  d  for  the  diode.  These  Q  factors  were  determined  by  the  imped¬ 
ance  method  (Ginzton  1957)  and  had  the  values 

128-9,  Q0=  09-1  and  Qd  =  54 

The  previously  determined  efficiency  can  now  be  corrected  for  the  losses  in 
the  cavity  by  the  equation  : 

l/tfext+Wo 

Vcatr  7mean  ,  [f\ 

‘/Vex  t 

to  give  a  value  of  8-9%. 

This  is  low  compared  to  the  maximum  value  of  22%  obtained  by  Colliver 
ft  al.  (1974).  Hence  these  high  efficiencies  obtained  in  InP  Gunn  diodes  are 
due  to  a  property  of  the  cathode  contact  rather  than  of  the  material. 

5.  Conclusions 

The  difficulties  involved  in  making  an  ohmic  contact  to  InP  comes  from 
the  de-wetting  of  the  contact  metals  and  a  loss  of  phosphorus  during  the 
alloying  cycle.  T.F.E  has  been  applied  to  produce  very  high-qualitv  ohmic 
contacts  to  InP  with  negligible  specific  contact  resistance  and  a  barrier  height 
too  low  to  be  determined  by  Tantraporn  splitting. 

When  this  technique  was  used  to  form  the  contacts  of  Gunn  diodes,  low- 
efficiencies  were  obtained  confirming  that  efficiency  is  related  to  a  property 
of  the  cathode  contact. 
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The  structure  of  as-grown  and  annealed  native  oxide  layers  on  (100)  GaAs  was 
studied  using  X-ray  diffraction,  relleetion  electron  diffraction  and  microprobe 
analysis.  The  results  show  that  crystalline  (f-Ga.Oj  is  present  at  the  oxide  GaAs 
interface  either  when  the  oxide  is  grown  using  a  current  density  larger  than  2  mA 
cm" 2  or  when  it  is  annealed  at  temperatures  above  about  600  C.  The  gallium  excess 
with  respect  to  arsenic  is  more  pronounced  for  the  oxides  grown  with  a  low  current 
density  than  for  the  high  current  cases.  Further,  a  loss  of  arsenic  is  found  to  occur 
during  annealing. 


1.  INTRODUCTION 

To  date  the  anodic  oxidation  of  GaAs  using  an  electrolyte  consisting  of  tartaric 
acid  and  glycol1  has  been  found  to  produce  oxide  layers  which  have  improved 
electrical  and  interface  properties’  and  which  are  more  suitable  for  device 
applications  than  oxide  layers  produced  by  other  methods  including  thermal 
oxidation.  The  layers  produced  by  anodization  are  very  uniform  and  the  process  is 
highly  reproducible  Such  oxide  layers  have  been  used  to  realize  depletion  mode3 
and  invasion  mode4  metal  oxide  semiconductor  tield-clTeet  transistors 
(MOSFLTs)  on  GaAs.  Surface  passivation  and  impurity  ditfusion  barriers  are  two 
other  device  applications.  The  anodic  oxidation  technique  has  been  used  to 
determine  the  electrical  properties  of  n-type  GaAs5,  for  the  analysis  of 
multicomponent  films  on  GaAs".  for  the  controlled  removal  of  GaAs  (as  in  the 
production  of  thin  semiconductor  samples  for  transmission  electron  microscopy 
(TIjM) experiments  land  for  the  oxidation  oflnPs. 

Many  of  these  applications  require  the  oxide  to  exhibit  structural  stability 
when  it  is  subjected  to  various  annealing  processes.  A  preliminary  study1'  of  the 
structural  properties  of  these  oxide  layers  has  shown  that  |}-Ga:Oj  is  present  at  the 
GaAs- oxide  interface  when  oxide  growth  current  densities  of  between  I  and  2  mA 
cm-2  are  used.  The  effects  of  annealing  on  the  electrical  properties  of  these  oxide 
layers  have  shown  them  to  be  suitable  for  MOS  applications10.  Consequently  to 
obtain  a  better  knowledge  of  the  thermal  variation  of  the  oxide  properties  a  detailed 
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sl ud\  is  icq  tilled  i >:  i Ik-  i- IK  i.  is  1 4  .1111  ns i lint?  naliv c  oxide  l.iy/i s  fabiic.rled  by  using  a 

Vlll  ICl  V  ol  gtOV.  ill  (Ml  ,r  Il.-I.  I  s 

Ki'siilts  aic  pi i-  .i  iiii.  il  Ik'U'  v.  tiiili  slum  ilu'  changes  in  ci  \  stallographie 
sti  in  Hus-,  n  >  stalhmty  .mil  ihemn.il  composition  ,ts  limn  ions  ol  growth  rate  (initial 
c ui lent  density  |  ami  annealing  jiaiaineleis  (uruiculmg  temperature,  time  and 
ambient  atmosplieie)  I  malls  the  cliemieai  resist. tnee  of  the  oxide  to  attack  by  MCI 
is  assessed. 

2.  I  M’l  kIMI  MAI  MI  IIIO|> 

The  matenal  used  lor  these  e\pei intents  ssas  ( l()Ul-oriented  bulk  single-crystal 
silicon-doped  (ia As  (a  2  >  ID1' mi  ')  uhieli  wax  supplied  by  V1KC  with  one  face 
etch  polished  with  biomme  methanol.  I  lie  CiaAs  was  cleaved  into  samples 
approximately  5  mm  *  4  mm  m  atea  wlmli  were  cleaned  in  an  ultrasonic  cleaner 
using  acetone,  triehloroethy  lene.  ineth.mol  and  chloroform. 

Native  anodic  oxide  layers  wen-  produced  on  the  samples  by  anodization  in  an 
elect  roly  te  corn  is  ling  of  tartaric  acn)  in  glycol,  the  pi  i  of  i  he  solution  being  ad)Ustcd 
to  6.3  by  the  addition  ol  Nl  l4OH  1  I  he  oxide  layers  were  grow  n  using  several  values 
of  the  initial  current  density  in  the  range  0.1  2.0  mA  m":  and  a  constant  voltage 
supply.  The  cm  rent  density  was  changed  by  varying  ttie  resistance  in  series  with  the 
electrolytic  cell 

The  samples  were  annealed  m  a  quart/  furnace  tube  in  an  atmosphere  of  high 
purity  nitrogen  (oxygen  lice)  supplied  hv  BOC  and  the  furnace  temperature  was 
accurately  controlled  using  an  electronic  temperature  coniroller  so  that  the  heat 
cycle  used  was  reproducible  Before  (lie  samples  were  heated  the  furnace  tube  was 
flushed  out  wiih  nitrogen  to  remove  all  the  oxygen  present,  and  oxygen  was 
prevented  from  entering  the  furnace  tube  via  the  gas  outlet  by  using  a  bubbler 
partially  tilled  with  glycerine  1  he  form  of  the  heat  cycle  used  for  the  annealing  is 
shown  in  I-  ig  1 :  the  sample  was  heated  to  the  requited  temperature  7\  as  quickly  as 
possible,  was  held  ai  this  temperature  for  10  mm  and  was  then  cooled  at  a  rate  of 
either  300  C  IK  1  or  100  (.'  nun  '. 


F  ig  1  The  healing  cycles  used  for  ihc  annealing  processes 

The  structure  of  the  bulk  oxide  was  determined  by  X-ray  diffraction  for  which 
the  samples  were  mounted  on  aluminium  rods  which  were  mounted  in  the  specimen 
holder  of  a  Philips  X-ray  diffractometer  A  plot  of  X-ray  count  as  a  function  of  2(1 
was  obtained,  wheie  d  is  the  angle  of  incidence  of  the  X-ray  beam  with  the  sample.  A 
cleaned  unprocessed  sample  of  the  CiaAs  was  analysed  and  the  (200)  and  (400) 
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clccii  ini  dtlii  action  c.iinci.i  I  i  mil  llie  dull  .ic  ti.ni  patterns  obtained.  I  lie  structure 
and  orientation  «.»f  I  lie  sini.iees  nl  the  sample--  vvetc  determined.  A  scanning  electron 
microscope  luted  unit  a  nnciopiobc  annlysei  v. as  used  to  examine  the  surface 
topographs  and  the  chemical  composition  ol  the  oxide  layers. 

1  or  the  determination  ol  then  chemical  resistance  the  vai  ions  oxide  lasers  ssere 
etched  m  a  10  sol.",,  solution  of  III  !  lot  5  nun.  after  ssltich  the  etching  seas 
terminated  by  ss ashing  the  samples  in  deionized  scale! 

V  HI  Ni  l  IS 

Initially  a  thin  anodic  oxide  lasei  (approximately  50  A  thick )  seas  grown  on  a 
GaAs  sample  using  an  initial  cut  rent  density  of  about  0.25  tnA  cm ‘A  An 
examination  of  this  sample  using  reflection  electron  diiTruetioit  shossed  that  the 
surface  seas  almost  amorpinnis,  its  dillraelion  pattern  consisting  ol  several  diffuse 
bands  u  hieh  ate  ehar.icterisDc'  i'f  amorphous  name  oxide  lasers  on  GaAs  1  *. 

Another  anodic  oxide  layer  2u"0  \  thick  \s.is  grossn  with  a  current  density  of  1 
m A  cm  ;  and  ssas  etched  in  HC'I  fumes  to  remove  all  but  the  last  50  A 
(approxintatels  i  of  oxide  whoso  structure  ssas  determined  by  electron  diffraction. 
The  dillraelion  pattern  consisted  ol  dots  ai tanged  m  rings  which  indicated  that  the 
material  immcdiatcls  adiaeent  ti'  the  GaAs  surface  ssas  p. risers  st.illme.  The 
amorphous  oxide  ss  as  probably  rcin.n ed  during  the  etching  process  to  lease  behind 
the  crystalline  oxide  at  the  interlace,  unless  crystallization  ssas  produced  by  the 
action  of  the  1  K'l  fumes  on  the  remaining  oxide  layer. 

Seseral  samples  ssere  grossn  by  using  art  initial  curtail  density  of  1  mA  cm  - 
and  were  annealed  in  either  arsenic  or  high  purity  hydrogen  at  500  C  for  30  min. 
The  samples  annealed  in  an  at  seme  alms' sphere  ss  ere  chemically  ana  Is  sed  and  ssere 
found  to  base  a  Ga :  As  ratio  of  2: 1 .  whereas  the  ratio  was  2:1.5  before  annealing:  this 
change  ssas  coincident  ss  it  Ii  a  eh. i  nee  tn  oxide  thickness  from  2utK)  A  (pink  I  to  1  500  A 
(green)  When  we  take  into  account  the  penetration  depth  of  the  microprobe 
analyser  tins  corresponds  to  a  considerable  hiss  of  the  arsenic  component  of  the 
oxide.  Since  the  presence  of  the  arsenic  atmosphere  will  inhibit  the  loss  of  arsenic 
from  the  oxide  and  since  no  significant  arsenic  loss  is  expected  from  the  GaAs  at  this 
temperature1  it  can  be  concluded  dial  the  arsenic  loss  is  due  to  the  out-diffusion  of 
arsenic  oxide  A  sinitlat  process  has  been  reported  recently1  .The  samples  that  were 
annealed  in  a  high  purity  hydrogen  atmosphere  behaved  in  a  very  similar  manner. 
However,  on  raising  the  annealing  temperature  to  GOO  C  and  with  the  high  purity 
hydrogen  atmosphere  the  amorphous  oxide's  were  reduced  to  metallic  gallium,  as 
has  been  found  piextously14. 

3.1.  X-ray  dillraelion 

For  the  anodized  samples  gtown  with  an  initial  current  density  of  2  mA  cm ' 2 
the  only  peak  present  in  the  spectrum  vv  liiclt  was  not  also  present  in  the  spectrum  of 
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2tl  -  -  40.  (t  lur  till'  ail.  ..I: /ol  sa.lipi 1 1  I  Ic  jialiii  I,  I  In'  ( 200)  I  elici  t  loll  ni  ji  (  ja  .() 
i.c.  tin-  (l-( i:t  .O i  is  1 1 (lui  i irii'iiii it  I  Ins  is  i Ja.  i.'i, isi  pi 1 1 1 ia I i!c  orientation  ol  the  |t- 
Ci.i  .O,  since  its  lullin'  constants  in  tin- 1  loin  plane  a:e  very  similar  to  those  for  the 
( 1001  plane  of  ( ia  As.  an.,!  this  was  eoiilii  m.'ii  h\  the  J  spacings  oi  the  l  200|  relleelions 
of  (1(  la.O,  a ikI  C  ia  V>  a  Inch  ate  2.: sl('  A  and  2.\,'2  A  lespeetivelv  I  he  change  in  the 
volume  and  the  ciwalhte  si/e  with  anniaimg  u  nipeiauire  lot  the  uvstnllme  (i- 
Ga  ,Oj  are  shown  m  I  ig  2,  i  ttt  v  es  a  ;  these  results  were  del  iv  ed  fioni  tile  in  ten  si  tv 
and  the  width  at  hall  intensity  ic-pcitiscly  of  the  peak  The  results  show  that  the 
unannealed  samples  contained  an  appieeiahle  amount  ol  ei  y slailiue  (f-Ga.O,  and 
that  the  total  amount  o!  ci  v  stall  me  matetial  did  not  ineiease  sigmlicantlv  until  the 
samples  vveic  annealed  a'oove  4Mt  C 

As  the  peak  w  idlh  is  mvet  -i  ly  piopoMum  1 1  to  the  average  si/e  of  the  crystallites 
in  the  oxide,  it  can  he  seen  that  the  ei  ysiallite  s,.’e  deu eases  mnialh  w  ith  increasing 
annealing  tempera! ate  up  to  4  50  ( '.  .dune  winch  it  increases  rapidly.  It  should  be 
noted  of  course  that  some  oi  the  ob-incd  variations  in  peak  widtn.  especially  the 
decrease  with  mei  easing  annealing  temper. mi  re.  mas  be  due  to  other  factors  such  as 
strain  and  vai  laimns  m  the  chemical  .ompositiun  ol  the  sample.  In  contrast,  a  real 
decrease  in  average  eivstalhte  si/e  over  a  hnuted  temperature  range  can  be 
considered  as  an  indication  of  a  considerable  lorniation  rate  of  new  single-crystal 
nuelealion  sites.  At  higiier  tenij  etatutes  it  will  beiome  tnorediiitcult  to lortu clusters 
of  molecules  that  aic  ssiheicuilv  st  dhe  to  become  smgie-ci ystal  nuelealion  sites: 
thus  only  existing  crystallites  will  crow  and  the  average  crystallite  si/c  will  increase. 
Such  an  interpretation  indicates  that  high  aim.iimg  tempeiatutes  can  be  applied 
without  considerable  ci s sta!li/.;t.  m  h;.  piling  as  rapaliy  as  possible  over  the 
temperature  range  3S)  450  (. .  both  when  heating  and  when  cooling  the  samples. 
The  experiments  described  below  do  indeed  give  some  confirmation  of  this 
hypothesis. 

A  small  but  sumi'ie.int  nine  ise  in  the  background  of  the  spectra  aiound 
20  —  80  it?  li/  i  1.4  A i  was  found  which  indicates  tn.it  there  may  have  been  an 
immeasurably  small  amount  ol  some  other  orientations  ol  [i-G.i.O,  present  in  the 
sample 

Tor  the  samples  grown  with  an  initial  ennent  density  of  I  ni  \  cm  2  the 
annealing  process  produced  t  i r -•> > ) -oriented  in  dime  fi-G.nO,.  as  found  above. 
The  variations  ol  the  .‘.mount  and  the  cr y -  '..liliie  s/col  the  |>-Gh ,G ,  with  annealing 
temperatuie  are  piesented  in  I  ig  2.  emvesb  I  he  itu  ves  show  that  the  unannealed 
sample's  contained  no  detectable  amounts  ol  |<  ( ia  ( > ,.  although  after  annealing  at 
about  300  C  some  (I  Ga  A  > ,  was  loi.nJ,  1  he  avei  ,.gc  erystaiiile  si/e  of  the  [i-Ga.O, 
decreased  up  loan  annealing  temperature  of about  5oo  Caller  which  it  increased, 
and  this  minimum  in  the  aveiage  i:\st.iiiitc  si/e  coincides  with  a  loss  of  the  arsenic 
component  of  the  oxide  (see  Section  3.3) 

1  inally.  a  sei  ies  of  samples  was  grown  using  a  current  density  of 0.1  m  A  cm  ‘  2 
and  was  annealed  as  descr  li'ed  above  I  he  icsults  lor  these  samples  (Kig.  2.  curves  c| 
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;iro  very  similar  to  those  obtained  for  the  samples  above  eveept  that  a  slightly  higher 
temperature  (about  450  C'l  was  required  before  the  erystallme  (l-GaiOj.  which  had 
a  smaller  average  crystallite  si/e,  could  be  detected. 

An  important  annealing  parameter  which  was  found  to  be  relevant  to  the 
occurrence  of  crystallization  at  the  oxide  GaAs  interface  was  the  cooling  rate  used 
at  the  end  of  the  annealing  cycle.  Several  samples  w  ere  grow  n  using  a  current  density 
of  0.1  mA  cm'2  and  were  annealed  at  600  C  as  described  above  except  that  the 
cooling  rate  used  was  100  C  mm  1  instead  of  300  C  h~‘.  The  quickly  cooled 
samples  showed  no  crystallization  at  the  interface  between  the  oxide  and  the  GaAs. 
Thus  with  a  high  cooling  rate  the  material  does  not  have  enough  time  to  arrange 
itself  in  a  crystalline  form  and  is  “frozen"  in  an  amorphous  type  of  structure. 

Although  the  cooling  effect  was  only  measured  for  an  annealing  temperature  of 
600  CC  there  is  no  reason  why  a  similar  efTect  should  not  take  place  at  other 
annealing  temperatures. 

The  effect  of  the  annealing  time  was  studied  on  the  samples  which  were  found  to 
be  the  most  crystalline,  i.c.  those  grown  with  a  current  density  of  2  mA  cm'2.  By 
varying  the  annealing  lime  from  10  to  60  min  at  a  temperature  of  600  C  it  was  found 
that  the  average  crystallite  size  increased  with  increasing  annealing  time  (Fig.  3)  w  ith 
no  significant  change  in  the  total  volume  of  the  crystalline  p-Ga203.  This  can  be 
considered  to  be  due  to  the  movement  and  coalescence  of  the  individual  crystallites 
produced  during  the  increased  annealing  time. . 


Fig.  2.  The  variation  with  annealing  temperature  of  the  X-ray  intensity  and  of  the  peak  width)  x  >  at  half 
height  for  the  (200)  reflection  of  P-Gaj03  for  samples  grown  with  current  densities  of  2  0  mA  cm" 2 
(curves a).  10 mA  cm ‘ 1  (curves b) and 0  1  mA  cm'1  (curves cl. 

Fig.  3.  The  variation  wnh  annealing  time  at  600  C  of  the  peak  width  at  half  height  for  the  (200)  reflection 
of  P-GajOj  for  samples  grown  with  a  current  density  of  2.0  mA  cm  2. 

The  effects  of  the  absorption  of  the  X-rays  in  the  amorphous  oxide  layers  have 
been  neglected  in  all  of  the  above  results.  An  estimate  of  the  average  crystallite  size  of 
the  P-Ga203  for  a  peak  width  at  half  height  of  0.05  gives  a  value  of  about  150  A. 
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3.3.  lit  /In  nmi  th  i  iron  tlilhiirlion 

An  .m.i I >  ms  of  the  electron  diffraction  patterns  produced  by  the  samples  grown 
with  initial  cum  cut  densities  of  between  2.0  and  0  1  mA  cm  2  shows  that  the  surfaces 
of  all  of  the  un.mnealed  oxides  were  amorphous  However,  after  annealing  during 
the  fabrication  of  Au  Gc  ohmic  contacts  on  the  back  faces  of  the  samples,  the 
surfaces  of  the  oxides  became  slightly  ordered  and  produced  diffraction  patterns 
which  consisted  of  several  very  diffuse  rings,  as  was  found  previously",  which  were 
due  to  amorphous  native  oxides  present  on  the  GaAs  surface. 

For  samples  that  were  grown  using  current  densities  of  between  2.0  and  0. 1  mA 
cm  ~ J,  were  annealed  and  then  were  cooled  at  a  rate  of  300  C  h  ~  \  an  analysis  of  the 
electron  diffraction  patterns  showed  that  the  surface  crystallized  out  into  a 
polycrystalline  P-Ga,03  structure  with  only  the  rings  corresponding  to  the  (/i0/| 
reflections  being  present.  As  the  annealing  temperature  was  raised  the  rings  of 
the  diffraction  patterns  became  sharper,  indicating  an  increase  in  the  average 
crystallite  si/e.  Another  effect  which  was  observed  at  high  annealing  temperatures, 
especially  for  the  samples  grown  using  a  current  density  of  2  m  A  cm ' J.  was  that  only 
rings  corresponding  to  the  ( 10/)  reflections  were  visible,  indicating  that  this  structure 
had  become  more  oriented.  However,  annealing  at  800  C  produced  a  pattern  con¬ 
sisting  of  spots  and  rings  that  indicated  the  production  of  some  crystals  of  P-Ga;0,. 
The  crystallite  size  was  found  to  be  a  function  of  the  growth  current  density,  the 
larger  crystallite  size  being  present  in  the  samples  grown  with  a  higher  current 
density,  as  was  found  by  X-ray  diffraction. 

By  using  the  annealing  process  with  the  fast  cooling  rate  of  100  CC  min' 1  even  a 
sample  annealed  at  700  C  for  10  min  was  found  to  be  almost  amorphous.  In  Fig.  4 
its  diffraction  pattern  is  compared  with  that  of  a  sample  that  had  been  grown  w  ith 
0.1  mA  cm",  had  been  annealed  at  500  C  and  had  been  cooled  at  a  rate  of 
300  Ch'1. 


Fig  4.  Reflection  electron  diffraction  patterns  of  samples  grown  with  a  current  density  of  0.1  mA  cm”’ 
and  annealed  (a)  at  500  C  with  slow  cooling  and  (b)  at  700  °C  with  fast  cooling. 

Thus  the  crystallization  at  the  surface  of  the  oxide  is  much  less  pronounced  than 
that  at  the  interface.  From  a  knowledge  of  the  electron  beam  penetration  and  the 
approximate  angle  of  incidence  of  the  beam  with  the  sample,  the  depth  of  the 
analysed  material  can  be  estimated  to  be  about  50  A.  This  surface  crystallization  of 
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course  occurs  on  an  amorphous  bed  of  oxide!  unlike  the  interfacial  crystallization 
detected  by  X-ray  diffraction  which  lakes  place  on  a  single-cry  Mai  GaAs  substrate 
with  a  reasonable  lattice  match. 


JJ.  Scanning  electron  microscopy  and  microprobe  analysis 

Scanning  electron  microscopy  (SLM)  showed  all  the  sample  surfaces  except 
that  of  the  sample  annealed  at  800  C  to  be  extremely  flat  apart  from  very  occasional 
defects  w  hich  were  thought  to  be  due  to  some  contamination  of  the  sample  surface. 
A  micrograph  of  the  surface  of  the  sample  annealed  at  800  C  (Fig.  5)  indicates  the 
presence  of  crystallites.  Consequently  n  is  thought  that  this  sample  had  completely 
crystallized,  and  this  is  confirmed  by  the  electron  diffraction  patterns  obtained  for 
this  sample. 


Fig.  5.  An  SEM  micrograph  of  a  sample  grown  with  a  current  density  of  2.0  mA  cm'1  and  annealed  at 
800  °C.  (Magnification.  7650  x .) 


For  the  microprobe  analysis  the  Kot  X-ray  lines  were  used  in  preference  to  the 
La  lines  because  of  their  greater  peak  separation  (resolution).  Allowances  were  also 
made  for  the  relative  yields  for  each  of  the  peaks.  Since  the  volume  of  emission  could 
not  be  restricted  to  the  oxide  layer  alone,  some  of  the  measured  X-ray  signal  was 
produced  in  the  GaAs  structure. 

The  variation  of  the  As:  Ga  ratio  with  temperature  for  the  samples  grown  with  a 
current  density  of  2  m A  cm  ' 2  ( Fig.  6)  show  s  that  there  was  little  change  in  the  As:  Ga 
ratio  except  in  the  sample  annealed  at  800  C.  which  gave  an  As:Ga  ratio  of  0.34. 
However,  annealing  at  this  temperature  also  produces  changes  in  the  GaAs 
substrate12  (a  loss  of  arsenic)  which  w  ill  ultimately  affect  the  annealing  behaviour  of 
the  oxide  layer  since  the  GuAs-oxide  interface  may  be  destroyed.  This  dramatic 
decrease  in  the  As :  Ga  ratio  is  due  to  the  loss  of  arsenic  from  both  the  oxide  layer  and 
the  GaAs  substrate. 
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For  the  samples  grown  with  a  curtent  density  of  1.0  m.\  cm  2  the  results  for  the 
variation  of  the  As:Ga  tatio  with  annealing  tentpei  Hindi  tg  6)  show'  that  there  isa 
significant  loss  of  the  arsenic  component  of  the  oxide  he!  ween  400  and  500  C.  This 
loss  coincides  with  a  chanec  in  the  colour  of  the  oxide  from  blue  to  purple  which 
indicates  a  chan  pc  in  the  oxide  thickness  from  1000  A  to  about  N50  A.  Since  no  such 
arsenic  loss  is  known  to  occur  in  GaAs  1  ’  this  change  must  come  from  the  oxide,  as 
has  been  found  previously  for  oxides  grown  using  other  electrolytes'3,  and  it  is 
thought  to  be  due  to  the  loss  of  As,Q3  ow  ing  to  the  high  vapour  pressure  of  As203  at 
relatively  low  temperatures14. 


Fig.  6  The  variation  of  the  As:Ga  ratio  of  samples  grown  w  ith  current  densities  of  2  0.  1.0  and  0.1  mA 
cm'1,  annealed  at  various  temperatures  and  then  cooled  at  either  .MX)  C  H"  1  or  100  C  min' 


Samples  which  had  been  grown  with  a  current  density  of  0.1  mA  cm'2  and 
which  had  been  annealed  using  both  the  fast  (100  C  min' ')  and  the  slow  (300  C 
h*1)  cooling  rates  were  analysed  (Fig.  6).  The  results  indicate  a  difference  in  the 
arsenic  content  of  the  samples  due  to  the  two  different  cooling  rates;  this 
demonstrates  the  complex  chemical  nature  of  these  oxide  layers  which  can  only  be 
studied  properly  using  a  more  sensitive  analytical  technique  such  as  Auger 
spectroscopy. 

An  Auger  analysis  of  some  samples  was  undertaken.  The  analysis  of  some 
unannealed  samples  showed  that  the  oxide  contained  more  gallium  and  less  arsenic 
than  was  found  in  the  stoichiometric  GaAs  substrate16.  Also  the  energy  of  the 
gallium  peak  was  found  to  shift  from  1067  eV  in  the  oxide  to  1072  eV  in  the  GaAs; 
this  indicates  a  change  in  the  bonding  cnx  ironment  of  the  gallium  atoms  which  can 
be  explained  by  all  the  gallium  in  the  oxide  being  present  as  Ga203. 

3.4.  Etching  in  II  Cl 

The  oxides  grown  using  a  current  density  of  2  mA  cm-2  were  found  to  be 
soluble  in  the  HO  solution  apart  from  those  annealed  at  600  ‘C  for  60  min,  whose 
thickness  was  reduced  from  1000  A  to  about  600  A.  and  those  annealed  at  800  C. 
which  were  completely  insoluble  in  the  etchant.  However,  the  oxides  grown  to  a 
thickness  of  1 000  A  with  a  current  density  of  1  mA  cm  ~ 2  behaved  slightly  differently: 
those  annealed  at  600  C  for  10  min  were  found  to  be  again  only  partly  soluble 
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(leaving  a  layct  about  -41)0  \  lhu.ll  wheicas  those  annealed  al  600  C  for  60  mm 
were  completely  insoluble:  the  samples  annealed  al  6(H)  C  for  fO  mm  It. id  properties 
between  these  two  l  ot  the  samples  grown  with  a  euirent  density  of  0.1  ntA  cm  3 
and  cooled  using  the  two  tales,  only  those  annealed  below  500  C  were  found  to  be 
soluble  in  the  etchant  whereas  those  annealed  above  500  C  were  found  to  be 
insoluble. 

Since  amorphous  Ga,(),  is  soluble  in  the  etchant14  whereas  crystalline  p- 
Ga,0,  is  insoluble,  the  above-mentioned  etching  experiments  provide  further 
evidence  for  the  presence  of  P-Ga:(),  at  the  GaAs  oxide  interface  and  show  that  it 
increases  with  annealing  temperature  and  time  At  low  annealing  temperatures 
where  the  amount  of  crystalline  [i-Ga;0,  is  small,  any  isolated  crystallites  are 
probably  washed  away  with  the  surrounding  amorphous  material. 

The  residual  etched  surfaces  were  studied  using  SliM  and  with  the  exception  of 
the  sample  annealed  at  S00  C  were  all  found  to  be  tlat.  However,  it  should  be  noted 
here  that  the  resolution  of  the  scanning  electron  microscope  used  was  250  A  or 
greater  so  that  small  crystallites,  which  might  have  existed,  could  not  be  seen. 

4.  DISCUSSION 

A  comparison  of  the  results  of  the  X-ray  diffraction  and  the  electron  diffraction 
experiments  shows  that  the  predominant  crystallization  process  occurs  at  the 
GaAs  oxide  interface  with  a  secondary  crystallization  process  occurring  at  the 
oxide  surface.  This  can  be  seen  from  the  highly  oriented  nature  of  the  mterfacial 
oxide  compared  w  ith  the  surface  oxide  as  well  as  from  the  degree  of  order  and  the 
volume  of  the  crystallization,  both  of  which  are  greater  for  the  interfacial  process. 
The  volume  of  the  surface  crystallization  is  much  less  than  that  of  the  interfacial 
crystallization  since  only  the  latter  shows  up  in  the  X-ray  spectra.  These  two 
crystallization  processes  can  be  considered  to  be  independent  of  each  other  since  the 
orientations  of  the  two  crystallized  layers  arc  different.  Consequently  the  bulk  of  the 
oxide  which  lies  between  the  two  crystallized  layers  is  likely  to  exhibit  an  amorphous 
structure. 

With  current  densities  of  1  mA  cm"3  and  less  the  as-grown  oxide  layers  are 
amorphous,  whilst  those  grown  using  higher  current  densities  arc  found  to  have  a 
crystalline  interfacial  oxide  layer.  After  annealing  to  sufficiently  high  temperatures 
and  slow'  cooling,  a  crystalline  interfacial  layer  is  produced  in  the  oxide,  and  the 
annealing  temperature  al  which  crystallization  is  detected  is  an  inverse  function  of 
the  growth  current  density  used. 

For  the  short  annealing  times  used  here  (i.e.  10  min)  slow’  cooling  produces 
crystalline  layers  and  rapid  cooling  produces  non-crystalline  layers.  If  longer 
annealing  times  are  used,  the  material  has  time  to  rearrange  itself  into  a  crystalline 
structure  so  that  thecflect  of  the  cooling  rate  w  ill  vanish.  However,  this  assumes  that 
the  increased  annealing  tune  does  not  produce  a  change  tn  the  overall  chemical 
composition  of  the  layer. 

At  all  times  it  is  the  gallium  component  of  the  oxide  which  determines  the 
structure  of  the  film  whereas  the  arsenic  component  appears  to  be  present  in  an 
amorphous  form  that  is  easily  removed  by  annealing  if  the  oxide  is  grown  at  a  low 
current  density. 


5.  CONCLUSIONS 


The  presence  of  crystallinity  in  the  oxide  laser  at  the  Ga  \s  oxide  interface  is 
generally  consideied  to  be  detrimental  to  the  electrical  interface  properties  of  any 
device  using  an  MOS  structure.  In  order  to  retain  a  suitable  amorphous  structure 
after  annealing,  the  following  conditions  have  been  found  to  be  important:  (I)  a 
current  density  of 0.1  mA  cm' 2 :  (2)  annealing  in  nitrogen  and  a  very  fast  cooling  rate 
at  the  end  of  the  heating  cycle;  (3|  the  lowest  possible  annealing  temperature  and 
the  shortest  possible  annealing  time. 

ACKNOWLEDGMENTS 

The  authors  wish  to  acknowledge  Dr.  D.  Thompson  of  the  Crystallography 
Laboratory  and  Miss  B.  Arnold  and  Mr.  L.  Boult  of  the  Electron  Optical  Unit  of  the 
University  of  Newcastle  upon  Tyne  for  useful  discussions  and  for  the  provision  of 
the  X-ray  diffraction,  the  electron  diffraction  and  the  SE.M  facilities  respectively,  and 
Dr,  R.  Heckingbottom  of  the  Post  Office  Research  Department,  Ipswich,  for 
carrying  out  the  Auger  analysis  of  the  samples. 

Finally,  one  of  the  authors  (BLW)  would  like  to  thank  the  Science  Research 
Council  for  the  provision  of  a  Research  Fellowship. 

REFERENCES 

1  H.  Hasegawa,  K.  Forward  and  Ft.  L.  Hannagel,  Electron.  Lett..  /  /  (1975)  53. 

Ft.  Hasegawa  and  Ft.  L.  Hartnagel../.  Electrochan  Sac..  /23  d 9761 713 

2  Ft.  Hasegawa,  K.  Forward  and  FI  L  Ftarinagel.  Appl.  Phys  Lett .  36 11975)  567. 

3  D.  L.  Lite.  A  R.  Clawson  and  D  A.  Collins,  Appl  Phys.  Lett..  3V 11976)  207. 

4  B.  Bayraktaroglu.  E.  Kohn  and  H  L.  Ftarinagel,  Elei  iron.  Leu..  1 7(1976)  53. 

5  A.  Colquhoun  and  H.  L  Flartnagcl.  Solid-State  Electron..  /9(  1976)  819. 

6  A.  El-Safli,  B.  L.  Weiss  and  Ft  L.  Ftarinagel,  Electron  Lett..  12  ( 1976)  322. 

7  B.  L.  Weiss,  J  Microsc.  I Oxford I,  II0(  1977)45. 

8  A.  Colquhoun  and  Ft.  L.  Ftarinagel,  Surf  Technnl.,  5  !•* )  ( 1977)  291 

9  B.  L.  Weiss  and  Ft.  L.  Fiartnagel.  Electron  Leu..  /2  (1976)  321 

10  E.  Kohn,  B  Bayraktaroglu  and  Ft  L.  Ftarinagel.  Paper  presented  ai  6 th  European  Solid  Slate 
Devices  Research  Conf,  Munich,  September  19/6. 

B,  L.  Weiss,  E.  Kohn,  B.  Bayraktaroglu  and  It.  L.  Hannagel.  6th  Ini.  Symp.  on  GaAs  and  Related 
Compounds,  Edinburgh,  Inst.  Phys.  Conf.  Scr..  33a  11976)  Paper  5.4. 

It  B.  L.  Weiss  and  It.  L  Hannagel.  hit.  J  Electron..  41  (1976)  IS5 

12  C.  R.  Bayliss  and  D.  L.  Kirk.  J  Phys.  D,  /9(l97o)  233. 

13  R.  M.  Malhonand  J.  M.  Whelan,/  Eleclrochcm.  Soc..  /33II976)  761. 

14  I.  C.  Bailar  (ed  ).  Comprehensive  Inorganic  Chemistry,  Vol.  I.  Pergamon,  Oxford,  1973,  p.  1091. 

15  J .  C.  Bailar  (cd  ).  Comprehensive  Inorganic  Chemistry.  Vol  2.  Pergamon,  Oxford,  1973,  p  603. 

16  R.  Hcckingboltom,  personal  communication,  1976. 


Paper  presented  at  7th  Ann.  Conf.  on  the  Physics  of  Compound  Semiconductor 
Interfaces,  Colorado,  Jan.  1980  -  to  be  published  in  J.  of  Vac.  Sc.  +  Techn. 

CHEMICAL  REACTIONS  OF  OXIDE  LAYERS  ON  GaAs 

D.  W.  Langer,  F.  L.  Schuermeyer,  R.  L.  Johnson 
H.  P.  Singh,  C.  W.  Litton 

Avionics  Laboratory  (AFWAL),  Wright-Patterson  AFB  OH  1»5*»33 

H.  L.  Hartnagel 

Institut  fur  Hochfrequenztechnik,  Technische  Hochschule, 

6100  Darmstadt,  G.F.R. 

The  interface  of  GaAs  and  its  native  oxide  exhibits  a  region 
of  excess  As.  The  amount  of  this  excess  is  increased  by  laser 
annealing  of  :he  oxide  layers ;  a  corresponding  change  of  the 
depletion  lay  ?r  capacitance  is  observed.  The  migration  of  As 
out  of  the  surface  of  GaAs  is  clearly  observed  when  A1  is  de¬ 
posited  on  Gals  but  not  when  Ga  is  deposited  on  GaAs.  MOS 
structures  are  formed  by  a  series  of  new  processing  steps  that 
avoid  the  foi-nation  of  excess  As  in  the  insulator  region  and  As 
vacancies  in  ;he  semiconductor  region  of  the  interface.  The 
C-V  characteristics  of  these  structures  show  improvements  over 
those  produced  by  conventional  oxidation  methods. 
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1.  INTRODUCTIOII 


It  is  possible  that  oxide  insulators  vill  be  attractive  for  GaAs 
surface  passivation  of  various  types  of  applications  such  as  MESFET, 
optical  devices  and  M05  structures.  It  is  therefore  important  to  study 
the  relevant  chemical  reactions  which  occur  during  the  formation  of  a 
native  oxide.  A  series  of  experimental  observations  are  reported  here 
which  are  considered  to  be  a  useful  contribution  towards  an  understanding 
of  the  basic  processes  involved. 

It  seems  that  there  are  two  important  processes,  firstly,  the 
difference  of  oxidation  heats  of  formation  for  Ga  and  As  suggests  that 
more  Ga.^0^  is  formed  than  As^O^  (the  two  most  commonly  found  compounds) , 
and  secondly  the  destruction  of  the  GaAs  surface  through  such  processes 
as  the  heat  of  condensation  which  seems  to  favor  the  removal  of  As  atoms 
from  the  atomic  layers  near  the  GaAs  surface. 

2.  Laser-Annealed  Native-Oxide /GaAs  Structures 

1  2 

Various  authors  ’  have  established  that  non-oxidized  As  atoms  ex¬ 
tend  from  the  GaAs  interface  a  distance  of  around  10  nm  further  into  the 
oxide  than  non-oxidized  Ga.  It  is  likely  that  this  is  caused  by  the 
difference  in  the  heats  of  formation  which  are  156  kcal/mole  for  As^O^ 
and  257  kcal/mole  for  Ga^^;  these  are  both  probably  the  most  common 

components  of  native  oxides  on  GaAs.  Our  ESCA  measurements  confirmed 

U 

this  behavior  for  unannealed,  AGW  grown  GaAs  MOS  strucutres  using  the 

Varian  XPS  system  and  an  Ar  ion  etching  at  2  kV. 

In  order  to  investigate  the  effect  of  localized  heating  on  such 

interfaces,  a  pulsed  ruby  laser  (pulse  duration  25  nsec,  laser  energy 
2 

.3  Joule/cm  ,  5nm  diamater  spot  size)  was  used  to  irradiate  an  AGW 
native  oxide-GaAs  structure.  Since  the  oxide  is  transparent,  most  of  the 
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energy  is  absorbed  at  the  oxide/semiconductor  interface  so  that  this 
region  containing  the  non-oxidized  As  is  locally  heated.  Provided  that 
the  local  temperature  is  not  raised  to  catastrophic  melting  or  even 
evaporation  values,  interesting  effects  on  the  interface  behavior  re¬ 
sult.  ESCA  studies  show  that  the  thickness  of  the  region  with  non- 
oxidized  As  in  the  oxide  near  the  interface  has  been  increased  2  or  3 
times.  Profiles  of  the  Gallium  (and  Arsenic)  ratios  of  the  oxidized  to 
the  non-oxidized  concentrations  are  shown  in  Fig  1.  Obviously,  oxygen 
from  As^O^  nearest  to  the  non-oxidized  As  region  is  transferred  to  the 
Ga  of  the  GaAs  near  the  interface,  thus  increasing  the  non-oxidized  As 
region  at  both  ends. 

This  capability  of  changing  the  amount  of  non-oxidized  As  gives  us 
the  possibility  of  studying  its  effect  on  the  electrical  behavior  of 
GaAs  MOS  structures.  Firstly,  using  the  method  of  photopulse  analysis^, 
the  capacitanc?  Co  of  the  oxide  alone  can  be  determined  for  equivalent 
measurement  frequencies  around  1  kHz.  It  is  found  that  Cq  is  increased 
by  up  to  100£  for  such  laser-annealed  samples  with  an  increased  non- 
oxidized  As  region.  The  apparent  donor  concentration  has  decreased  from 
1.8X1016  to  about  ^.TXIO^  cm  as  shown  in  Fig.  2.  Obviously,  these 

As  atoms  create  states  which  can  be  easily  filled  and  emptied  from  the 
semiconductor  so  that  the  oxide  capacitor  appears  to  be  reduced  corres¬ 
pondingly  in  effective  thickness.  The  measurement  of  high-frequency 
capacitance-voltage  characteristics  seem  to  indicate  a  strongly  enhanced 
trap  density  which  is  obviously  another  electrical  manifestation  of  the 
interface  containing  elemental  As.  Normal  thermal  annealing  at  350°C 
does  not  produce  such  widening  of  the  atomic  As  region. 
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3.  As-Vaeancv  G-'n^rut  i  on 


The  second  interface  state  and  trap  generating  mechanism  seems  to 
be  the  process  of  the  energy  provision  by  the  first-layer  oxidation,  or 
the  heat  of  condensation  in  connection  with  various  deposited  materials. 
This  supplied  energy  creates  vacancies  of  either  Ga  or  As  which  form 
traps  in  the  semiconductor  near  the  interface. 

Clear  evidence  of  As-vacancy  creation  was  obtained  when  A1  was 
evaporated  onto  GaAs  in  an  MBE  system  and  the  resulting  surface  was 
analysed  by  Auger  measurements.  It  was  found  then  that  the  deposition 
of  30nm  of  A1  causes  the  Ga  signal  to  disappear  almost  entirely  whereas 
the  As  signal  remains  very  strong  (see  Fig.  3).  Obviously,  As  was 
removed  from  the  GaAs  by  A1  deposition,  and  accumulated  on  the  deposited 
A1  surface.  This  effect  is  representative  of  numerous  other  deposited 
materials. 

The  heat  of  condensation  for  Ga  on  GaAs,  on  the  other  hand,  seems 
3 

to  be  lower  than  that  of  A1  on  GaAs.  This  material  was  therefore  also 
evaporated  onto  GaAs.  Indeed,  the  Auger  method  demonstrated  that  after 
about  30nm  of  Ga  the  As  signal  hud  practically  disappeared  (See  Fig.  U). 
The  condensation  of  Ga  does  therefore  not  release  sufficient  energy  to 
knock  out  As  from  the  GaAs  lattice  near  the  surface. 

It  seems  to  be  valuable  to  undertake  this  deposition  scheme  with 
many  further  materials,  particularly  also  the  various  insulators  poten¬ 
tially  useful  for  surface  passivation.  As  is  well  known,  the  deposited 
A1  can  also  be  transformed  by  electrolytic  oxidation  into  a  good  insulator 
vhich  would  cover  then  the  GaAs  surface.  The  As  vacancies  in  the  semi¬ 
conductor  underneath  the  interface  would  then  prevent  one  from  obtaining 
satisfactory  C/V  curves  since  the  Fermi  level  get3  pinned  by  such  traps. 
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It  is  therefore  understandable  that  the  following  scheme  of  surface 
passivation  presents  premising  features. 

4.  Two-Step  Oxidation 

In  line  with  the  understanding  that  any  processing  involving  low 
reaction  energies  does  not  perturb  the  GaAs  composition,  and  that  further 
any  region  of  atomic  As  has  to  be  avoided,  the  following  processing 
steps  were  used'’:  A  thin  native  oxide  layer  (less  than  15nm  was  AGW^- 
produced  onto  GaAs,  which  was  then  annealed  for  about  30  minutes  in 
at  650°C.  The  As,50  of  this  film  is  then  mostly  evaporated  (a  low- 
energy  process),  and  the  Ga^O^  :’'s  a  extent  reduced  to  Ga  by  the 

formation  of  HQ.  Subsequently  A1  is  deposited.  The  A1  heat  of  conden¬ 
sation  getters  the  remaining  As  out  of  the  Ga-rich  thin  surface  layer. 

This  A1  film  is  AGW  anodised  by  carefully  monitoring  the  overpotential¬ 
time  curve  which  gives  a  clear  indication  when  firstly  all  the  Al,  and 
when  secondly  all  the  Ga-film  is  oxidized.  After  the  oxidation  of  the 
Ga  layer,  the  anodic  current  is  switched  off  (Fig.  5)*  The  MOS  devices 
fabricated  by  such  a  two-step  anodic  process  give  now  very  different 
capacitance/voltage  characteristics  (Fig.  6  for  the  "classical"  anodic 
MOS  diodes,  and  Fig.  7  for  the  new  structures). 

In  order  to  investigate  the  chemical  compcsition  of  the  various 
steps,  ESCA  studies  were  undertaken.  The  following  results  were  obtained: 
The  il^-annealed  thin  Ga-rich  layer,  before  Al  deposition,  has  indeed 
mostly  metallic  Ga,  with  small  residual  levels  of  Ga2G3  and  metallic  As. 

It  was  also  discovered  that  the  normal  change-over  from  to  gas  in 
the  furnace  at  a  temperature  of  300°C  or  higher  produces  a  significant 
N-signal  in  the  Auger  spectra  for  the  whole  thickness  of  the  Ga-rich 
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film.  This  effect  does  not  appear  for  lower  chance-over  temperatures. 

Is  it  possible  that  the  reduced  Ga  atoms  are  still  active  and  form  GoN? 
This  N  in  the  Ga-rich  film  does,  however,  not  seem  to  be  essential  for 
the  improved  C/Vdata  of  Fig.  7- 

The  annealing  time  has  to  be  optimized  in  order  to  ensure  that  all 
the  Ga^O^  is  reduced  to  Ga.  For  example  a  20  nm  thick  native  oxide 
layer  requires  an  annealing  time  of  U5  min  at  650°C  to  reduce  all  the 
Ga^O^  to  Ga.  From  this  data  it  can  be  estimated  that  the  reaction  rate 
for  this  reduction  is  probably  limited  by  the  diffusion  of  Ga2°3  towards 
the  surface. 

5*  Conclusions 

Experimental  data  is  presented  on  the  dynamics  of  forming  a  non- 
oxidized  As  layer  in  the  insulator  near  the  interface.  This  atomic  As 
layer  is  found  to  cause  a  high  density  of  short  time  constant  traps 
which  can  be  charged  and  emptied  easily  from  the  semiconductor.  The 
creation  of  As  vacancies  in  the  GaAs  near  the  surface  by  a  strongly 
energetic  insulator-deposition  process  is  demonstrated  with  A1  conden¬ 
sation,  whereas  the  Ga  condensation  does  not  seem  to  produce  such  As 
vacancies. 

The  two-step  anodic  scheme  seems  to  avoid  both  difficulties.  The 
chemical  analysis  of  the  surface  layer  involved  demonstrates  that  indeed 
a  reduction  of  As  and  As^O^  takes  place  due  to  the  low-energy  process  of 
thermal  out-diffusion  at  650°C. 

The  results  presented  here  demonstrate  that  with  the  aid  of  system¬ 
atic  analytical  work  a  better  understanding  of  the  processes  of  surface 
passivation  can  be  obtained  so  that  further  progress  can  be  made  in  this 

area. 
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Fig.  1.  Profiles  of  Gallium  and  Arsenide  ratios  of  mixed  oxides  before 
and  after  laser  annealing.  Ratios  are  relative  intensities  of  3d 
photoelectron  emission  peaks  corresponding  to  the  oxidized  state  (Ga^O^, 
As20 and  the  non-oxidized  state  (e.g.  As  or  Ga  in  GaAs  or  in  elemental 
form) . 

Fig.  2.  Depletion  layer  capacitance  (C^)  as  function  of  photopulse  for 
an  oxide  layer  before  and  after  laser  annealing. 

Fig.  3.  Principle  peak  Auger  intensities  of  Gallium  and  Arsenic  as 
function  of  the  thickness  of  an  aluminum  layer  deposited  on  GaAs. 

Fig.  **.  Principle  peak  Auger  intensities  of  Gallium  and  Arsenic  as  a 
function  of  the  thickness  of  Gallium  layer  deposited  on  GaAs. 

Fig.  5.  Anodic  oxidation  of  an  aluminum  layer  on  a  Gallium  rich  surface 
of  GaAs.  The  cell  potential  is  plotted  as  function  of  anodization  time. 
Fig.  6.  Capacitance-Voltage  characteristics  of  a  GaAs  MOS  structure 
produced  by  anodic  oxidation  of  GaAs. 

Fig.  7.  Capacitance-Voltage  characteristics  of  a  GaAs  MOS  structure 
produced  by  anodic  oxidation  of  an  aluminum  film  onto  a  Gallium  rich 


surface  of  GaAs. 
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An  Investigation  of  Anodicaily  Grown  Films 
on  GaAs  Using  X-Ray  Photoelectron  Spectroscopy 

P.  A.  Breeze1  and  H.  L.  Hartnagel2 

Department  of  Electrical  and  Electronic  Engineering,  University  of  Newcastle  upon  Tyne,  England 

and  P.  M.  A.  Sherwood 

The  Department  of  Inorganic  Chemistry,  University  of  Newcastle  upon  Tyne,  England 

ABSTRACT 

Anodic  oxides  on  GaAs  have  been  examined  using  x-ray  photoelectron 
spectroscopy  (ESCA)  combined  with  Ar-ion  etching.  The  ESCA  spectra  were 
analyzed  using  both  analog,  and  in  some  cases  digital  techniques.  Results 
showed  the  films  to  be  composed  of  As^Oi  and  GajOj.  The  composition  at  the 
surface  of  the  films  was  found  to  be  electrolyte  sensitive.  At  the  oxide-semi¬ 
conductor  interface  evidence  was  found  suggesting  a  Ga^  rich  oxide  region 
and  a  layer  adjacent  to  the  semiconductor  whicn  appeared  to  contain  ele¬ 
mental  As.  Anodicaily  grown  oxide  films  on  GaAs  incorporating  A1  were  also 
studied  and  it  appeared  that  the  regions  of  GaAs  native  oxide  above  and  below 
an  AljO)  region  had  diilenng  compositions. 


The  anodic  oxidation  of  GaAs  (1)  offers  a  very 
simple  technique  for  producing  barrier-type  insulating 
films  on  this  semiconductor.  Such  films  are  of  great 
importance  for  the  fabrication  of  MOS  (metal-oxide- 
semiconductor)  devices  and  success  has  already  been 
achieved  in  producing  transistors  on  GaAs  (2,  3)  using 
this  technology.  However,  the  oxide  and  interface 

1  Present  address;  Inorganic  Chemistry  Laboratory,  Oxford,  En¬ 
gland. 

•Present  address-  tnstitut  fur  Ifoch  Frequi'iwiechnik,  Fachbe- 
fetch  IS,  Mttvkstnni  IS,  tierm+ny 

Key  words;  OoAs,  anodic  oxidation,  tsCA,  depth  pruAles. 


properties  obtained  still  show  room  for  improvement 
and  work  in  our  laboratories  is  concerned  with  optimi¬ 
zation  of  the  anodization  conditions  in  order  to  im¬ 
prove  device  behavior.  To  do  this  effectively,  detailed 
structural  information  is  required  and  of  the  methods 
available  to  obtain  this  data  Auger  electron  spectros¬ 
copy  i AES)  (4)  and  x-ray  photoclectron  spectroscopy 
i  ESCA)  <5.  fi)  are  probably  the  most  useful,  when 
combined  with  a  suitable  etching  technique. 

In  •;ns  paper  we  present  chemical  depth  profiles  of 
anoui  ally  grown  films  on  GaAs,  obtained  using  ESCA 
corr.b.ncd  with  Ar-ion  etching.  We  feel  that  ESCA 
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offers  advantages  over  AES  due-  to  tin-  chemical  j  iuft 
data  which  is  nie>:e  casir,  untamed  and  iMleipicled 
with  tut  loin  it  r  ( l>  j  II'.mvh,  ATS  u-.h .  ha\c  tin- 
advantage  o  1  speed  and  of  being  aide  lo  ixjmmr  dif- 
lerent  parts  o:  a  single  sample,  so  tout  a  e'l.'ubinatiem 
ol  both  techniques  where  available  oilers  the  best  solu¬ 
tion  15).  • 

Experimental 

GaAs  samples  (Monsanto  n-type.  carrier  concentra- 
tration  JO1')  were  cleaned  m  methanol  and  acetone 
and  dried  from  acetone.  Al  li'J.'jya'i  purity,  M  It  C. 
Limited),  where  used,  was  deposited  by  evaporation 
under  vacuum  at  about  It)  6  Torr.  GaAs  samples  were 
etched  lor  1  min  in  l'.<  HC1  solution  prior  to  anodiza¬ 
tion.  Electrolytes  were  all  made  up  from  research 
grade  reagents  and  deionized  water.  Two  electrolytes 
were  studied  These  were:  (i)  3ft  tartaric  acid  solution 
mixed  in  the  volume  ratio  1:2  with  propan  1.  2  dioi 
(AGW)  (1)  and  (li)  0.C2M  (NIL;)  ILPCL  solution 
mixed  in  the  volume  ratio  1:2  with  piopan  1,  2  diol. 

Anodization  was  carried  out  under  constant  current 
conditions  using  experimental  apparatus  and  tech¬ 
niques  described  previously  (1).  Alter  anodization  the 
samples  were  rinsed  in  acetone.  Typical  sample  size 
was  0.6  cm  x  1.2  cm.  The  samples  were  attached  to 
the  copper  spectrometer  sample  holder  witn  ELEC¬ 
TRODAG  915  conducing  paint  (Achesdn  Colloids  Com¬ 
pany)  to  minimize  sample  cnarging.  The  sample  holder 
itself  was  mounted  on  a  UHY  rotatable  probe  to  en¬ 
sure  precise  repositioning  of  the  sample  after  rotation 
for  etching. 

ESCA  spectra  were  recorded  on  an  A  E  I.  E.S.  200B 
spectrometer  at  typical  chamber  pressures  of  2  x 
10' f  Torr,  utilizing  Mg  K„i  Ka:  radiation  at  1253. G  eV. 
They  were  recorded  at  0.1  V  sec"1  (Ga  and  As  3d 
peaks)  and  0  05  Y  sec"1  (Al  2p  and  O  Is  regions). 
Both  analog  and  digital  spectra  were  recorded  simul¬ 
taneously,  the  sampling  rate  lor  the  latter  being  50 
times  per  minute. 

Ar-ion  milling  was  carried  out  using  ar.  ION-TECH 
saddle  field  ion  source  lined  with  a  scanning  facility. 
Tne  source  has  a  beam  of  height  1  cm.  and  this  was 
scanned  along  the  lengtn  of  trie  sample,  at  a  mean 
angle  of  -15  to  the  sample  surface.  Argon  was  59.956G 
purity  (BO.C.l.  The  source  was  operated  at  either  8 
kV  3  mA  or  5  kV  2  mA.  Approximate  etch  rates  were 
25A/nun  in  the  former  ar.d  oA/mm  in  the  latter  case. 
These  etch  rates  were  estimated  from  depth  profiles 
obtained  from  oxide  films  of  known  tiuckr.ess.  The 
anodic  growlii  constants  for  oxidation  of  Ga.Ys  have 
been  established  preciously  il).  To  obtain  depth  pro¬ 
files  the  samples  were  etched  in  a  stepwise  fashion, 
spectra  being  recorded  after  each  period  of  etching 
Some  idea  of  the  reproducibility  of  the  etching  tech¬ 
nique  may  be  obtained  from  Lig  6  where  etching  was 
continued  into  the  substrate.  A:  may  be  seen.  ir.  tins 
region  where  constant  composition  is  expected,  fluc¬ 
tuations  arc  less  than  C:5  Y. . 

Data  Processing 

Most  depth  profiles  were  obtained  from  the  ESCA 
peak  areas  of  the  Ga  and  As  3d  peaks,  the  Ai  2p  peak 
and  the  O  1.-  peak  in  tne  analog  spectra.  To  calculate 
these  areas  a  iriangula:  approximati  n  was  assumed 

so  that 

peak  area  =  peak  height  X  w  idth  at  half  height 

The  intensity  of  photoelectrons  of  a  given  energy 
observed  in  a  homogeneous  material  of  path  length  x 
is  given  by  (7) 

FaDk 

/  _  - - -  [2  —  expl  -  ate))  [1] 

e 

if  elastic  scattering  is  neglected  1  —  intensity  of  pho- 
toelectrons  emitted.  F  —  x-ray  f.ux.  <■  =.  ciu  section 
for  photoiomzatior,  in  a  giver,  energy  leve ,  of  a  given 
atom  for  a  given  x-ray  ineigy.  V  -  density  of  the 
given  atom  in  the  material;  k  —  a  spectrometer  con¬ 


stant.  o  _  l/i„  win  n  /  l.  tin  naan  escape  dt  pth  of 
phutue  ice  U  ein.  ol  given  hint  tu  eneigy. 

roi  two  srp.i.' a  it  eou  u.iigy  levels  A  and  It  m  1 1 1 1 
same  sample  mvaiuieo  ui.ui;  identical  conditions  |]J 
may  be  written 


A  a  Da  / a  “b 

A’ii  Da  ia  oA 


12) 


where  JVA  and  •"»’ t.  are  the  number  of  atoms  per  urut 
volume  oi  A  and  B.  it  it  ;s  assumed  that  /.*  m  >u-  In 
our  case  trus  is  true  lor  the  Oa  ana  As  3d  levels  and 
l fit-  Al  2p  level  to  witnin  3'.,  since  /.  a  \  kinetic  energy 
Ui)  and  tne  above-mentioned  levels  aie  of  very  simi¬ 
lar  kinetic  energies  We  have  used  Eq.  [2J  to  give 
depin  pioiucs  tnat  snow  the  retail «e  numbers  oi  atoms 
per  unit  volume.  1  he  results  have  been  plotted  relative 


®C» 


to  the  Ga  3d  intensity  let  by  plotting  lot,  7a»  — —  and 


“Al 


°C* 


/ al  —  giving  the  relative  number  ol  atoms  per  unit 

°AL 

volume  in  arbitrary  units  of  — —  fc«  for  atom  A 

N  Ga 

The  cross  sections  (u)  were  taken  from  those  calcu¬ 
lated  by  Scofield  1 9).  The  O  Is  region  showed  a  strong 
oxide  oxygen  peak,  the  intensity  of  which  was  only 
used  to  obtain  interlace  widtns,  so  no  corrections  were 
applied. 

Where  the  Ga  3d  peaks  due  to  Ga.-Cb  and  GaAs  were 
not  clearly  ic-solved  ttie  position  of  the  composite  peak 
center  at  half-height  relative  to  the  two  extreme  posi¬ 
tions  was  used  to  estimate  tne  amount  of  each  com¬ 
ponent  present,  te.,  percentage  cl  peak  due  to  Ga.O; 


BE(Ga  3d)  —  BElGaAs  3d) 


BEiGa.-CX  3d)  —  BElGaAs  3d) 


X  lCOf 


In  the  presence  of  AfeOj.  elemental  As  was  always 
observed  after  Ar-ior.  etching.  On  etching  through  the 
oxide  film  to  the  GaAs  substrate  the  elemental  As 
peak  disappeared.  An  experiment  using  a  sample  of 
powdered  As.O.  mountea  or.  couDle-sided  sehotape 
indicated  tnat  some  of  tiie  oxide  was  redu.ed  to  ele¬ 
mental  As  by  tne  ion  beam.  Tms  is  illustrated  in  Eig. 
1.  A  similar  experiment  showed  that  GaiO.-,  was  stable 
towards  reduction  under  the  same  conditions.  It  was 
therefore  assumed  that  the  origin,  of  the-  elemental  As 
peak  in  tne  anodic  oxide  film  was  from  reduction  of 
As.O;.  When  constructing  deptr.  profiles  the  intensi¬ 
ties  of  the  As.'Oa  and  elemental  As  3d  peaks  were 
summed  to  give  the  total  amount  of  As  originally 
pre-sen)  as  oxide  (Making  the  approximation  that  tne 
cross  sections  and  escape  depths  are  the  same  for  the 
two  materials.)  Where  the  elemental  As  3d  peak  was 
obscured  by  that  due  to  As  ir.  gallium  arsenide  its 
peak  heigh!  was  assumed  to  be  one-third  of  that  of 
the  As.O;,  peak  for  etching  a:  6  kY  and  one-quarter 
for  ion  etching  at  5  kY.  Trn-se  were  the  ratios  ob¬ 
served  experimentally  in  the  bulk  of  the  oxide.  Under 
these  circumstances  the  assumed  elemental  As  inten¬ 
sity  was  also  subtracted  from  the  measured  As  3d  in¬ 
tensity  of  GaAs. 

In  order  to  assess  the  errors  involved  in  the  above 
approximations  an  attempt  was  made  to  analyze  one 
complete  set  o:  digital  spectra  by  employing  a  non¬ 
linear  least  squares  fitting  program  wluch  uses  a 
Gaussian  Lorentzian  product  function  (10). 

In  order  to  obtain  meaningful  results  it  was  neces¬ 
sary  to  fix  the  lmevvidths  of  the  various  3d  peaks  of 
Ga  and  As  in  the  interface  region  The  fixed  values 
used  were  obtained  from  fits  of  spectra  from  the  oxide, 
or  from  the  GaAs  substrate  Tne  results  are  illustrated 
in  Tig.  2.  winch  also  includes  the  profile  obtained 
from  the  analog  spectra  (Tne  dips  in  the  analog 
profile.-  after  13  mu.  etching  are  where  the  sample 
was  left  over  night  in  tne  spectrometer  after  having 
etched  for  10  min. ) 

As  a  further  check  of  the  validity  of  thr  approxima¬ 
tion  used  to  resolve  tne  Go  3d  peaks  of  Ga^O,  and 
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Fig.  I.  ESCA  jpectra  of  the  As  3d  peaks  for  an  AS2O3  powder 
sample  (a)  before  and  (b)Ar-ion  etching  at  5  kV. 


GaAs  in  the  analog  spectra  the  values  of  the  expres¬ 
sion 

BE(Ga  3d)  -  BE(GaAs  3d) 


BE(Ga203  3d)  —  BE  (GaAs  3d) 
were  compared  with  values  of  the  expression 
/  (Ga>03) 


l(Ga2Oj)  +  I  (GaAs) 

where  /(Ga203)  is  the  intensity  of  the  Ga  3d  peak 
of  GaiO.i  obtained  from  the  digital  analysis  and  simi¬ 
larly  /(GaAs)  represents  the  Ga  3d  intensity  of  GaAs. 
Since  both  expressions  represent  the  fraction  of  the 
Ga  3d  peak  due  to  Ga-Oi  they  should  be  identical.  The 
values  agree  well  (io^)  when  the  component  peaks 
were  of  similar  intensities  but  discrepancies  appeared 
where  the  intensity  ratio  of  the  two  components  was 
estimated  as  greater  than  about  5:1  from  the  analog 
data.  In  these  cases  the  weaker  peak  appeared  rela¬ 
tively  stronger  from  the  digital  analysis.  However 
only  w  one  case,  point  14  in  Eig.  2(b).  did  the  dilfer- 
ence  exceed  the  rt'Jo'T  confidence  limits  (equal  to  l 
Standard  deviations)  of  the  digital  analysis. 

These  dilTercnces  probably  arise  for  two  main  rea¬ 
sons.  First,  the  approximation  used  to  resolve  the 
analog  spectra  is  not  entirely  valid  under  the  condi¬ 
tions  where  the  discrepancies  occur.  Second,  the  Ja 
peak  shapes  are  not  perfectly  titted  to  a  single  pea* 


Fig.  2.  Depth  profiles  of  Ga  and  As  3d  ESCA  intensities  from  a 
I000A  oxide  film  grown  on  GaAs  in  (NH1;H  POi/glycol  electrolyte 
ot  SO  uA  cm--,  Ar  ion  etching  ot  8  kV.  'a)  Profiles  from  onalogue 
spectra,  (b)  profiles  from  digital  spectra,  and  (c)  profile  of 
elemental  As  Item  digital  spectra-  for  a)  and  ib),  Ga  in 
Ga:03;  o,  Ga  in  GaAs.  □,  As  in  As:Ch,  , _ As  in  GaAs. 


(they  are  in  fact  closely  overlapping  doublets  com¬ 
prising  the  3d  5/2  and  3d  3/2  peaks)  and  so  the  fitting 
program  may  obtain  a  better  statistical  fit  by  modify- 
ing  the  intensity  of  the  weaker  peak  present.  How¬ 
ever  the  good  agreement  obtained  in  most  cases  is  en¬ 
couraging  and  indicates  that  the  approximation  used 
is  a  usetul  one  in  cases  where  no  other  method  is 

available.  . 

The  region  where  the  accuracy  of  the  profile  be¬ 
comes  most  critical  is  at  the  interface  because  here 
the  greatest  compositional  variations  occur.  In  par¬ 
ticular  there  is  the  question  of  whether  or  not  there 
is  any  elemental  As  present  at  this  interface. 

In  the  case  of  the  analog  spectra,  elemental  As 
could  not  be  resolved  out  in  the  presence  of  gallium 
arsenide  As  (i.e.,  at  the  interface);  rather,  a  constant 
ratio  of  As-OjiAs  was  assured  in  these  cases  and  only 
this  amount  subtracted  from  the  overlapping  peak  o 
gallium  arsenide  (see  above).  Any  additional  ele- 
mental  As  over  and  above  this  amount  will  still  b 
included  with  the  gallium  arsenide  As.  Hence,  U 
there  were  excess  elemental  As  present  we  might  ex¬ 
pect  to  see  a  profile  such  as  that  in  Fig.  2(a)  where 
the  gallium  arsenide  As  appears  before,  and  is  initially 
more  intense  than  the  Ga.  (Note  that  within  the  sub¬ 
strate  the  As  appears  less  intense  than  the  Ga  due  to 
selective  etching.  This  eiTect  is  discussed  later.) 

From  the  digital  spectra,  the  computer  analysis 
made  it  possible  to  resolve  out  the  As  3d  peaks  due 
to  As-O,,  As,  and  GaAs  as  shown  in  Fig.  3.  The  As:Oi 
and  As  intensities  have  not  been  summed  in  fig.  -(b) 
but  the  elemental  As  plotted  separately  in  Fig.  2(c). 
(The  error  bars  in  the  latter  figure  represent  the  9a  e 
confidence  limits  of  the  digital  curve  fitting  analysis 
and  do  not  include  any  oilier  experimental  errois.) 
As  may  be  seen  tfie  amount  of  elemental  As  appears 
to  increase  at  the  interface  even  though  the  amount 
of  As-O i  is  decreasing.  This  also  suggests  the  presence 
of  excess  elemental  As  at  the  interface.  However  in 
the  digital  profile  of  Fig.  2(b)  the  gallium  aisemde 
Ga  appeals  earlier  than  in  Fig.  2(a),  leading  to  some 
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Toble  I.  Peok  positions 


Binding  tntrgy  (eV) 

This  work 
(~0.2  eVj 

I’ re  viously 
reported 
(11.  12>< 

MVHM 
(This  work ) 

„  .  .  CxAj 

19  4* 

19.5 

16* 

c*  Sd  GajOt 

20. 5‘ 

20.4 

2  0* 

GaAs 

41  2‘ 

41.2 

1.6* 

As  3d  AsjOi 

44  5« 

44  4 

2  0“ 

As 

41.86-* 

41.8 

1.8- 

A1  2p  AGO. 

74  5 6 

745 

1.9 

*  Referred  to  CIS  at  284  6  eV. 

*  Referred  to  Gj  34  position  of  Ga*Oi  at  20.5  eV. 

*  Obtained  from  trie  oest  computer  fitted  spectra  of  the  anodic 
oxide 

*  Referred  to  CIS  at  285  0  eV. 

*  Obtained  from  digital  spectra. 


V 


45  44  43  42  41  40  39 

Binding  energy  (eV! 

Fig.  3.  Expanded  spectrum  of  the  As  3d  region  (a)  ot  the  inter¬ 
face  showing  the  digital  resolution  of  the  3d  peaks  due  to  A SjOj, 
As,  ond  GoAs;  (b)  in  the  GaAs  substrate. 

uncertainty  as  to  whether  the  feature  in  the  analog 
profile  can  definitely  be  identified  as  being  due  to  ele¬ 
mental  As  and  is  not  merely  an  artifact  01  the  method 
of  data  analysis.  Two  points  should  be  mentioned  in 
conjunction  with  this.  First,  although  the  Ga  profiles 
do  deviate  in  the  interface  region  the  difference  be¬ 
tween  these  in  Fig.  2(a)  and  (b)  only  exceeds  the 
957c  confidence  limits  of  the  digital  analysis  at  point 
14  (indicated  on  the  figure).  Second,  the  Ga  profile 
of  gallium  arsenide  is  iterated  to  zero  arbitrarily 
at  the  point  shown  in  Fig  2(b)  since  here  none  was 
observed.  Flowever  tne  profile  could  be  more  abrupt 
than  shown. 

However  better  resolution  was  required  in  order  to 
clarify  this  issue.  This  was  achieved  for  the  ESCA 
spectra  by  going  to  the  narrowest  slit  width  available. 
Figure  5  shows  spectra  at  the  interface  of  a  sample 
grown  at  10  uA  cm-*  using  this  maximum  resolution. 
The  analog  profile  for  the  same  sample  is  shown  in 
Fig.  6.  The  spectra  in  Fig.  5  cleariy  show  that  sig¬ 
nificant  changes  occur  in  trie  As  3d  spectrum  before 
similar  changes  occur  in  the  Ga  3d  region  and  we  be¬ 
lieve  that  this  is  due  to  the  pressure  of  elemental  As. 
Subsequently  (for  the  profiles  shown  in  Fig.  7  and 
8)  improved  depth  resolution  was  achieved  by  using 
lower  Ar-ion  etch  rates. 

With  this  improved  resolution,  and  since  reasonable 
overall  agreement  was  obtained  between  the  profiles 
obtained  by  analog  and  digital  analysis  of  the  same 
set  of  data  the  authors  decided  to  rely  exclusively  on 
the  analog  treatment  of  the  results. 

Results 

The  binding  energies  of  the  various  3d  peaks  of  Ga 
and  As  and  of  the  A1  2p  peak  observed  in  these  ex¬ 
periments  are  listed  in  Table  I  and  compared  with 
previously  reported  binding  energies.  The  comparison 
indicates  that  the  major  peaks  observed  in  tnt  anoa- 
ically  grown  films  on  GaAs  cm  respond  in  position  with 
those  of  Ga:0;.  As.-O,.  and  As  within  experimental 
error.  In  the  film  incorporating  aluminum  the  A1  2p 
peak  corresponds  in  position  with  tiiat  of  AFO.,  The 
CIS  peak  at  234. C  eV  (which  is  the  value  obtained  in 
this  laboratory  for  a  hydrocarbon  contamination  layer 
based  in  Au  41;  .•  at  B4.0  eV;  was  generally  used  for 


calibration  if  possible  but  in  many  cases  this  did  not 
prove  reliable  'This  may  be  due  to  the  presence  of  a 
carbon-contai....ig  species  in  the  anodic  films  but  more 
work  is  required  to  definitely  establish  this.)  Under 
these  circumstances  internal  calibration  against  the 
Ga  3d  peak  of  Ga;C>3  was  used.  In  all  experiments  the 
internal  calibration  was  consistent  with  the  above 
assignment.  Typical  ESCA  spectra  of  the  Ga  and  As 
3d  region  for  an  anodic  oxide  and  the  GaAs  substrate 
are  illustrated  in  Fig.  4. 

In  addition  to  the  ESCA  peaks  discussed  above,  sev¬ 
eral  other  weaker  peaks  were  also  observed  in  the 


Binding  energy  (eV) 


Fig 


. 4.  ESCA  spectro  of  the  Go  ond  As  3d  region  with  computer 
fit  pcoks  of  (o1  GoAs  notivc  oxide  ond  (b'  GoAs  substrate  otter 
removal  of  the  notive  oxide  by  Ar-ion  etching  ot  6  kV. 
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nonrnor.oi-hroinated  x- radiation  u.ed  in  the  pe-.trome- 
tor.  Their  position  and  intensity  are  well  known  and 
are  taken  from  x-ray  spectroscopy  resuits  03).  A 
broad  peak  was  identified  in  the  computer-analyzed 
spectra  of  the  anodic  oxide  at  about  33  eV.  A  similar 
peak  was  seen  in  the  GaAs  substrate  at  around  35  eV. 
The  latter  peak  is  a  piasnion  loss  peak  associated  with 
GaAs  t4,  1-t).  and  the  lower  peak  probably  has  a 
similar  ortgin.  Finally,  a  new  peak  was  seen  at  27.5 
(±1)  eV  which  disappeared  on  etching  through  to 
the  substrate.  This  is  probably  the  oxygen  2s  peak  (15), 
the  assignment  being  supported  by  the  fact  that  the 
peak  correlates  quite  well  with  the  oxygen  Is  in¬ 
tensity  which  was  monitored  in  most  of  these  experi¬ 
ments. 

Oxides  grown  in  the  H;PO, /glycol  electrolyte. 

— The  depth  profiles  shown  in  Fig.  2  were  obtained 
from  a  1000A  thick  native  oxide  him  on  GaAs,  grown 
in  the  ( N  H  D  H_'POt/ glycol  electrolyte  at  50  A  cm  "A 
As  seen  in  the  tigure  tne  surface  of  tne  oxide  grown  in 
this  electrolyte  is  As  deficient  as  compared  to  tne 
balk.  For  a  similar  sample  grown  at  500  A  cm-- 
the  ESCA  spectrum  showed  r.o  As  present  at  the  sur¬ 
face.  The  bulk  oxide  region  is  fairly  uniform  and  shows 
a  constant  As/Ga  ratio  of  atoms  per  unit  volume  of 
between  0.5  and  0.6,  this  value  appearing  to  be  inde¬ 
pendent  of  growth  current  density  over  the  range  10 
nA-500  ;iA  cm--'.  To  what  extent  this  ratio  is  aitected 
by  selective  etching  has  not  been  established.  How¬ 
ever  it  is  clear  from  the  Ga  and  As  profiles  of  gallium 
arsenide,  where  the  As/Ga  ratio  is  0.6  instead  of  unity, 
that  selective  etching  of  As  from  the  substrate  deri- 
nitely  occurs. 

At  the  oxide-semiconductor  interface  the  As;0,  in¬ 
tensity  generally  starts  to  drop  before  that  of  GajO.i. 
Indeed,  in  some  cases  the  Ga>Oi  intensity  increases 
first  before  dropping  oif.  This  leads  to  a  Gaa>:  rich  ox¬ 
ide  next  to  tire  substiate.  The  effect  seems  to  be  more 
pronounced  at  higher  and  lower  growth  current  den¬ 
sities  than  it  is  at  50  *A  cm--.  See  for  example  Fig.  6 
for  a  sample  grown  at  10  «A  cm--.  Similar  behavior 
has  been  observed  for  samples  grown  at  500  /jA  cm--. 

From  the  profile  in  Fig.  2(c)  it  can  be  seen  that 
the  amount  of  elemental  As  observed  increases  at  the 
oxide-:. emicunductor  interface  even  though  the  As_>03 
intensity  is  decreasing.  This  suggests  that  there  is  a 
region  adjacent  to  the  GaAs  substrate  wiiere  elemental 
As  was  present  prior  to  Ar-ton  etching.  Alternatively 
it  is  possible  that  very  thin  films  of  As.-Oi  may  be 
more  readily  reduced,  leading  to  a  smaller  AsjO,/As 
ratio  than  that  observed  in  the  bulk  of  the  film. 
However,  it  has  been  suggested  previously  (4)  that 
there  is  an  As  rich  region  adjacent  to  the  substrate 
in  anodic  films  on  GaAs.  In  view  of  this  it  seems  very 
probable  that  what  we  are  seeing  here  is  confirmation 
of  the  presence  of  elemental  As  at  the  oxide/semicon¬ 
ductor  interface.  Figure  5  shows  spectra  obtained  on 
etching  through  the  interface  of  a  sample  grown  at  10 
mA  cm-'.  It  can  be  seen  that  the  changes  m  As  3d 
spectrum  occur  earlier  than  those  in  the  Ga  3d  re¬ 
gion.  The  profile  from  the  sample  is  shown  in  Fig.  6 
and  shows  a  similar  region  to  Fig  2(c)  although  in 
this  case  the  elemental  As  intensity  is  included  tn  the 
As  profile  of  gallium  arsenide  as  discussed  earlier. 
Similar  results  were  also  observed  for  samples  grown 
at  500  mA  cm  A 

Interface  widths,  measured  from  these  profiles,  were 
defined  as  the  distance  over  which  the  intensity  of 
the  component  being  measured  changed  from  20  to 
807o  of  its  steady-state  value  (ti).  Interface  widths 
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Fig.  5.  ESCA  spectra  of  As  and  Ga  3  d  region  of  sample  grown  at 
10  uA  cm-**  ofter  Ar-ion  etching  at  8  kV  for  (a)  25  mm,  b)  28  min, 
(c)  31  min,  (d)  32  min,  (e)  33  min,  {f)  34  min,  (g)  36  min,  (h)  39 
min. 

were  measured  on  both  Ga,  As,  and  oxygen  profiles. 
It  was  found  that  those  measured  from  the  oxygen 
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Fig.  6.  Depth  profiles  of  Ga  and  As  3d  ESCA  inte.Mities  from 
8 00 A  oiide  film  grown  on  GaAs  in  (NH jHjPOt/glycol  r’cctrolyte 
at  10  uA  cm  Ar  ion  etching  at  8  kV.  ^  ,  Ga  »n  GojOi,  •,  Ga  •« 
GoAj,  ■,  As  in  As.Oi;  LL\  As  in  GaAs. 
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profiles  gave  the-  largc-t  width?,  as  would  tx  expect'  :! 
since  tney  relied  the  change  in  both  As  O  and  Ga.-O 
at  tlu*  interface  'I  tie  wultm  Lorn  the  oxygen  piukles 
art  therefore  used  :n  di'cusxmg,  tin  interlace^ 

Significantly  smaller  interface  width;  were  observed 
when  clehinj’,  at  a  rather  than  t;  kV  lot  example  trie 
interface  width  niea.ured  for  a  1U0UA  (Urn  grown  at 
500  ,.A  cm  and  etched  at  8  kV  was  0 1 0 A  whereas  the 
width  measured  for  a  similar  lilm  etched  at  5  kV  was 
about  90A.  This  is  due  to  knock-on  effects  occurring 
during  ion  etching  which  make  the  interface  appear 
broader  than  it  actually  is.  The  effect  is  greater  for 
higher  energy  bombarding  ions.  Another  effect  which 
has  not  been  investigated  m  a  systematic  way  here  is 
uneven  etching.  Tins  makes  the  observed  interface 
width  depend  on  what  film  thickness  has  previously 
been  etched  away,  the  broadening  increasing  for 
thicker  films  (6).  Recause  of  these  effects  the  measured 
interface  widths  represent  an  upper  limit  and  the 
actual  widths  may  be  expected  to  be  significantly 
smaller  than  the  measured  values. 

Oxides  grown  in  the  tartaric  acid/glyeol  electrolyte. 
— Figure  7  shows  the  profiles  obtained  from  a  500A 
rtative  oxide  film  grown  on  GaAs  m  the  AGW  electro¬ 
lyte  at  200  aA  cm~-.  In  contrast  to  oxides  grown  in  the 
previous  electrolyte  the  surface  region  is  As  rich  as 
compared  to  the  bulk.  (The  first  point  in  all  these 
profiles  is  unrepresentative  due  to  surface  contam¬ 
ination  and  should  be  ignored  )  The  other  features  of 
these  profiles  are  very  similar  to  those  already  dis¬ 
cussed.  The  bulk  of  the  film  is  uniform  with  an  As/Ga 
ratio  of  about  0  5  There  is  a  slightly  Ga.-CR  rich  region 
adjacent  to  the  substrate  anc  the  As  profile  of  the 
GaAs  substrate  indicates  the  probable  presence  of  ele¬ 
mental  A?  a’,  the  interface  The  interface  width  ob¬ 
tained  from  the  oxygen  profile  was  60A.  tThe  sam¬ 
ple  was  etched  at  5  kV. ) 

Using  the  data  shown  in  Fig  7  an  '‘.tempt  was  made 
to  estimate  the  amount  of  elemental  As  present  at  the 
into  face  over  and  above  that  expected  due  to  reduc¬ 
tion  of  As .’0.1  by  the  io:.  beam..  Tne  gallium  arsenide 
As  peak  intensities  wca  ah  corrected  for  selective 
etching  using  the  observed  Ga/As  :a‘.:o  of  the  sub¬ 
strate  which  is  Q0j  instead  of  unity,  and  assuming 
that  the  effect  becomes  operative  as  soor.  as  the  sub¬ 
strate  appears  Using  the  corrected  values  the  dif¬ 
ference  in  areas  beneath  the  Go  and  As  profiles  of 
the  gallium  ar>er.ide  wu.  obtained  From  the  known 
etch  rate  and  the  known  density  of  Ar  atoms  m  GaAs 
the  area  could  be  converted  into  a  number  of  atoms 
per  square  centimeter,  giving  the  value  2  -  10l:  atoms 
per  ctn-.  It  was  not  possible  to  assign  a  realistic  value 
to  the  errors  involved  m  this  estimate. 


FiS  7.  Depth  profiles  of  Go  one)  A'  3d  tSCA  mtc'.sitifS  bom  o 
500A  onde  film  grown  on  GoAi  m  lorroric  o'uf'glvcol  electrolyte 
01  200  ..  A  cm  i  Ar  ion  etching  or  5  hV  ,  Go  in  Go.O  ,  •,  Go 
in  GoAs,  ■.  As  in  As.O,.;  , _ ,  As  in  GoAs 


Anodic  film?  incorj’ornting  aluminum — Figure  £ 
snow.,  the  piofile  obtained  ftom  ari  anodic  oxide 
film  grown  in  tin  AGW  electrolyte  on  a  GaAs  sample 
with  200A  of  A1  depo- tied  onto  its  surface  ESC  A 
spectra  of  t h <  Ga  arid  A‘  3d  legion  taken  at  points  A. 
li  and  C  1 1 1  fig  H  aie  shown  jr;  Fig  5.  The  total  oxide 
film  thickness  here  is  approximately  900A  As  already 
noted,  the  A1  lip  peak  can  be  assigned  to  that  of  Al.O-, 
(see  Table  It.  This,  peak  was  observed  all  the  way 
through  the  oxide  film  and  significant  amounts  were 
seen  at  the  surfaces 

From  Fig  8(a)  it  can  be  seen  that  there  are  two 
GaAs  native  oxide  regions,  one  above  and  one  below 
the  AI.O3  layer.  The  native  oxide  beneath  the  ARO3 
layer  is  similar  in  all  respects  to  that  observed  on 
GaAs  in  the  absence  of  A1  [compare  Fig.  4ia)  and 
Fig.  9(c)]  and  at  the  oxide  semiconductor  interface 
the  probable  presence  of  elemental  As  is  indicated. 
However  the  native  oxide  at  the  surface  of  the  film 
[see  Fig.  9(a)]  shows  marked  differences  when  com¬ 
pared  to  the  normal  GaAs  native  oxides  grown  with¬ 
out  Al.  First  the  oxide  is  very  As  deficient  as  com¬ 
pared  to  the  normal  anodic  oxide.  The  As/Ga  ratio 
of  atoms  per  unit  volume  here  is  about  0.3  rather  than 
0.5.  Second  the  AscCRiAs  ratio  in  this  region  is  almost 
1: 1,  not  the  4:  1  ratio  expected  from  reduction  of  As.:CL 
by  Ar  ions  at  5  kV.  This  situation  persists  right  through 
the  predominantly  ARCH  region  until  the  oxide  region 
underneath  is  reached  when  the  normal  ratio  is  again 
observed  This  seems  to  suggest  that  there  is  some 
difference  between  the  As.'O.-,  in  the  two  regions  such 
that  that  nearer  the  surface  is  more  readily  reduced. 
An  alternative  possibility  which  cannot  be  ruled  out 
from  the  data  available  here  is  that  there  was  origi¬ 
nally  some  unoxidized  Al  present  :n  the  film  winch 
reacted  with  As.-O-  during  Ar-ion  etching  to  produce 
As  —  Al.'O.i.  since  ARO„  is  the  thermodynamically 
more  stable  oxide. 

Discussion 

The  foregoing  results  indicate  that  anodic  native 
oxide  films  on  GaAs  may  be  divided  into  three  regions; 


Fig  0  DeptV  profiles  of  Go  rod  As  3d  ond  Al  2p  ESCA  intensities 
from  or  anodic  onde  grown  on  GoAs  -  200A  Al  in  torlonc  ocidr 
glycol  electrolyte  ot  100  A  cm"-.  Afion  etching  ot  5  IV.  ,  Go 
in  Go.O  •  Go  in  GoAs,  ■ ,  As  in  As.O,,  L_>  As  in  GoAs,  >  , 
1  of  Al  2p  intensity  in  Al.O.,. 
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As  noted  above  it  is  possible  that  the  as-grown 
anodic  oxide  filing  contain  elemental  As  at  the  oxide/ 
semiconductor  mleifuce.  I'he  origin  of  thij  elemental 
As  is  not  known,  but  we  have  previously  suggested 
;  18)  that  tr.e  growth  mechanism  may  be  ie.-,pon.--ica- 
Whatever  tiie  reason  tor  this  accumulation,  its  presence 
must  influence  the  interface  properties  and  h*T,ce  de¬ 
vice  behavior  where  this  tecnr.oiogy  is  employed.  Be¬ 
cause  of  this  it  would  be  advantageous  to  be  aole  to 
control  and  hopefully  eliminate  this  elemental  As 
buildup.  However,  at  present  there  is  no  obvious  way 
in  which  this  mignt  be  accomplished. 

One  further  observation  of  relevance  in  connection 
with  the  oxide  him  growth  mecnanism  is  that  in  Fig. 
8(a)  AljO.i  is  seen  throughout  tr.e  film.  Its  occurrence 
deep  in  the  him,  below  tne  expected  AljO.i  region,  may 
be  due  to  knock-on  eiTects  during  ion  etching.  How¬ 
ever.  the  spreading  towards  tr.e  oxide  surface  cannot 
be  explained  as  an  experimental  artifact.  It  may  mean 
that  the  previously  suggested  interstitial  mechanism 
for  metal  ion  drift  (13)  is  an  oversimplification  ar.d 
that  "lattice"  and  "interstitial"  ions  can  interchange 
within  the  film.  Further  experimental  work  is  required 
here. 

Finally,  it  is  important  to  consider  the  effects  of  ion 
etching  on  the  sample  and  how  this  l.nfiuences  the 
results.  We  have  observed  in  these  experiments  that 
the  Ar-ion  beam  reduces  AsjO.i.  No  similar  eifect  was 
seen  with  GajO).  We  have  also  seen  selective  etching 
in  the  GaAs  substrate  where  the  observed  Ga:.As  ratio 
was  not  unity.  However,  we  have  not  yet  been  able 
to  estimate  the  extent  to  which  selective  etching  effects 
the  observed  Ga:As  ratio  in  the  oxide.  Until  the  ex¬ 
tent  of  this  effect  is  known  we  cannot  make  any  reli¬ 
able  quantitative  measurements  from  results  such  as 
these.  Also  we  have  noted  that  the  measured  interface 
width  is  significantly  inrtuenced  by  the  etching  cone  - 
tions.  a  factor  which  should  be  taken  into  accoe  : 
when  using  such  measurements. 


Binding  energy  (eV) 

Fig.  9.  ESCA  sptetro  of  the  Ga  and  As  3d  region  recorded  ot 
points  A,  B,  and  C  in  Fig.  7. 


the  surface,  the  oxide  bulk,  and  the  oxide/GaAs  inter¬ 
face  region.  In  terms  of  chemical  composition  the  sur¬ 
face  region  is  extensively  inrtuenced  by  the  electrolyte 
whereas  the  other  two  regions  are  not.  The  factors 
which  control  the  surface  composition  are  not  known 
but  the  adsorption  behavior  of  the  electrolyte  is  prob¬ 
ably  important. 

Due  to  the  limited  number  of  samples  studied  here 
no  definite  conclusions  have  been  drawn  concerning 
the  influence  of  growth  current  density  on  film  struc¬ 
ture.  However  no  overall  systematic  changes  were  ob¬ 
served  over  nearly  two  orders  of  magnitude  (10-500 
/i A  cm*D.  The  most  obvious  variation  seen  was  in 
the  extent  to  which  there  was  a  GajOT  rich  region 
in  the  oxide  near  the  oxide/semiconductor  interlace. 
This  seemed  much  less  pronounced  for  samples  grown 
at  50  mA  cm~-  than  for  those  grown  at  the  extremes 
of  the  range  studied.  It  is  conceivable  that  the  ob¬ 
served  variation  was  simply  an  experimental  artifact. 
However  a  previous  report  (16)  of  oriented  g-Ga„>Oi 
observed  at  this  interface  for  samples  grown  at  very 
high  current  densities  (>2  mA  cm'J)  may  also  sug¬ 
gest  a  more  GajO.i  rich  oxide  at  the  interface,  since 
AsjOi  is  a  primary  glass  former  and  its  absence  could 
lead  to  polycrystalline  GajO-i  being  formed.  [Wilmsen 
and  Kee  also  reported  a  GajOi  rich  oxide  near  the 
interface  in  anodic  oxides  grown  in  both  tartaric  acid/ 
glycol  and  H,POi  solutions  (5).|  There  was  also  some 
evidence  that  the  surface  depletion. of  As  was  less 
severe  for  samples  grown  at  low  current  densities  in 
the  (NKi)HjHOi  electrolyte.  Similar  results  have  been 
reported  by  Croset  et  ul.  (17)  for  samples  grown  in 
a  NajPOi/giyeol  electrolyte. 


Conclusions 

The  results  presented  in  this  paper  illustrate  the 
application  of  ESCA  to  the  study  of  anodic  oxide  films. 
Using  this  technique  we  have  been  aoie  to  obtain 
chemical  depth  profiles  which  provide  considerable 
insight  into  the  structure  of  such  films.  They  indicate 
that  the  oxide/semucor.ductor  interface  region  is  very 
complex  with  variations  in  the  Ga.’Oi/AsjOi  ratio  as 
well  as  the  probable  presence  of  elemental  As.  Some 
variation  was  noted  between  films  grown  in  two  differ¬ 
ent  electrolytes. 

Results  from  an  anodic  film  grown  on  a  GaAs  sub¬ 
strate  plus  200A  of  aluminum  also  showed  complex 
behavior.  Two  different  native  oxide  regions  were 
identified,  one  at  the  film  surface  which  was  relatively 
As.Oi  deficient  and  one  below  the  A1_'0;,  adjacent  to 
the  substrate,  which  resembled  the  anodic  native  ox¬ 
ides  seen  in  the  absence  of  Al. 

Much  more  work  is  still  required,  both  on  anodic 
native  oxides  of  GaAs  and  also  on  multilayer  anodic 
films.  It  is  hoped  that  progress  will  be  assisted  by 
further  applications  of  ESCA  to  take  advantage  of  the 
insight  which  it  ailows. 
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